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The use of kerosene in direct injection compression ignition (DICI) engines 
is fundamentally due to the introduction of the Single Fuel Concept (SFC) as 
highlighted in Chapter 1. As conventional DICI diesel engines are made 
specifically to use diesel fuel, the usage of kerosene will have adverse effects 
on engine emissions and combustion characteristics. As a result, in order for 
kerosene to be properly and efficiently used in diesel engines, a 
comprehensive literature review was carried out in Chapter 2 to identify the 
research gaps. Through the literature review, it was noted that much 
experimental work was done for kerosene combustion in DICI engines. 
However, reliable and compact chemical reaction mechanisms for kerosene 
combustion under DICI diesel engine conditions are sorely lacking and, as a 
result, negligible numerical simulation has been carried out in this area. 
Hence, the primary objective of this thesis is to develop suitable kerosene 
reaction mechanisms which are small and yet robust enough to be used for 
DICI engine simulations which are capable of predicting the major emissions 
such as soot, carbon monoxide (CO) and nitrogen oxide (NO). The secondary 
objective is to investigate the potential of kerosene in reducing emissions 
through different injection rate-shapes and bowl geometries. The background, 
motivation, research gaps, objectives as well as the thesis organization are 
 X 
 
mentioned in Chapter 1. Moreover, Chapter 3 gives an overview of the 
experimental setup and the numerical code used in this thesis. 
A validated C12H24 kerosene reaction mechanism, containing only 122 
species and 585 reactions, with embedded soot chemistry for diesel engine 
simulations was developed in Chapter 4. The C12H24 kerosene reaction 
mechanism was validated for its ignition delay times under different initial 
shock tube conditions. Constant volume heat-release rate as well as ignition 
delay validations were also carried out under different ambient conditions. 
Furthermore, the reaction mechanism is able to predict the combustion 
characteristics and soot trends of kerosene reasonably under real engine 
conditions. 
In order to further reduce computational time, a more compact reaction 
mechanism was developed in Chapter 5. The new kerosene-diesel reaction 
mechanism consists only of 48 species and 152 reactions. Furthermore, the 
kerosene sub-mechanism is validated for its ignition delay times under 
different initial shock tube conditions and constant volume combustion 
conditions. The predicted and experimental constant volume heat-release rates 
as well as flame lift-off lengths (FLOLs) are also similar. Overall, this new 
kerosene-diesel reaction mechanism is proven to be robust and practical for 
diesel engine simulations. 
 XI 
 
In Chapter 6, parametric studies were carried out using the mechanism 
developed in Chapter 5. Chapter 6 Part A investigates the combustion and 
emissions characteristics of a DICI engine fueled with kerosene-diesel blends, 
using different piston bowl geometries together with varying injection 
rate-shapes were investigated. On the other hand, Chapter 6 Part B 
investigates the effects of boot injection rate-shapes on the combustion process 
and emissions formation of a direct injection compression ignition engine 
fueled with kerosene and diesel. A phenomenological soot model and the 
adjusted and enhanced kerosene-diesel reaction mechanism were used to study 
the combustion process and emissions formation. From Chapter 6, it can be 
seen that by using kerosene together with the appropriate injection rate-shape, 
one is able to reduce DICI diesel engine emissions relative to diesel fuel 
combustion. 
Finally, Chapter 7 sums up the contributions of this thesis and recommends 
possible future work. 
 XII 
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Chapter 1 Introduction 
1.1 Background and motivation 
Kerosene has primarily been used for gas turbine engines [1, 2] as well as 
rocket engines [3, 4]. However, in recent times, kerosene has also found its 
use in direct injection compression ignition (DICI) engines [5, 6]. The use of 
kerosene in DICI engines is fundamentally due to the introduction of the 
Single Fuel Concept (SFC) [7-11] proposed by the North Atlantic Treaty 
Organization (NATO) military which includes the United States (US). This 
concept was proposed to eradicate the problem of fuel supply during both 
peacetime and wartime operations. In the past when aircraft, ground vehicles 
and equipment all used different fuels, it was logistically challenging to supply 
them with their respective fuels. Hence, with the introduction of SFC, 
logistical fuel supply challenges can be significantly reduced. Moreover, by 
supplying just one type of fuel to all military assets, it can help to enhance the 
operational readiness of the military [11]. 
Another driving factor behind the use of kerosene in DICI engines is fuel 
adulteration. In some parts of the world where there is corruption, the problem 
of adulterated diesel persists, where kerosene is illegally and unethically 
mixed with diesel for more profit [12-15]. Inevitably, the use of kerosene in 
diesel engines can result in undesired emissions [12, 13]. 
Presently, the use of DICI engines in the form of diesel engines is 
widespread for both military as well as civilian applications. This is because of 
the high thermal efficiency of the diesel engine as well as the huge amount of 
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torque it can produce relative to the gasoline engine [16]. However, the 
shortcoming of the diesel engine is the amount of soot, oxides of nitrogen 
(NOx) and particulate matter (PM) emissions it produces [16]. These 
emissions are harmful to both human health [17-21] as well as the 
environment [22-27] and are undesirable. As a result, stringent emissions 
standards [28-31] were implemented over many years to regulate exhaust 
emissions from diesel engines. This can be seen from Figure 1-1 which shows 
the different Euro emissions standards for diesel engines [32]. 
 
Figure 1-1 The different Euro emissions standards for diesel engines [32]. 
Reproduced from [32]. 
 
As conventional diesel engines are made specifically to use diesel fuel, the 
usage of any other alternative fuels with different fuel properties such as 
kerosene will have adverse effects on engine emissions [33]. Moreover, engine 
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performance [33] and longevity [34-36] will also be affected due to 
differences between the fuel properties of kerosene and diesel. 
1.2 Research Gaps 
To effectively and efficiently use a new alternative fuel such as kerosene in 
a diesel engine, huge amounts of research have to be spent studying the 
properties of the new fuel, its combustion characteristics as well as its 
emissions behavior under diesel engine conditions. Today, engine research is 
done using both experiments as well as simulations. Both simulations and 
experiments work hand-in-hand to give researchers a better and more 
complete understanding of the combustion process and emissions formation 
which are crucial in improving engine efficiency and lowering emissions. 
Currently, due to the advancement of computer technology, numerical 
simulations are widely used by engine researchers to gather more insights 
about engine combustion. 
As kerosene is a relatively newer fuel to be used in diesel engines as 
compared to diesel and biodiesels, much experimental work [5, 6, 37] had 
already been carried out by the scientific community to study kerosene’s 
combustion characteristics as well as emissions behavior in diesel engines. 
However, as seen from the literature review in Chapter 1, there is a severe lack 
of engine simulations for kerosene combustion in diesel engines. This is 
primarily due to the lack of compact and robust kerosene reaction mechanisms 
for 3-dimensional (3D) computational fluid dynamics (CFD) engine 
simulations. Nevertheless, it should be noted that engine simulations will give 
more insights about kerosene’s combustion characteristics in diesel engines, 
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particularly for in-cylinder emissions evolutions and contours which are 
extremely difficult to acquire through engine experiments. 
Furthermore, as soot emissions are detrimental to both human health 
[17-21] and the environment [22-27], it is essential to study the sooting 
behaviour of kerosene when it is used in diesel engines. Moreover, soot 
emissions from military diesel engines do compromise the stealth of military 
vehicles [38]. Due to the aforementioned reasons, it is extremely desirable to 
know kerosene’s soot formation and oxidation behaviour during diesel engine 
combustion. As seen from Chapter 2, there is little study done using numerical 
simulations about the sooting behaviour of kerosene in diesel engines. 
In addition, as kerosene was suggested by the scientific community to be an 
alternative fuel for diesel [7-11], it is highly desirable to study the combustion 
and emissions characteristics of kerosene and its blends with diesel, so as to 
gain more insights on the optimization of kerosene combustion in diesel 
engines. Furthermore, as vehicular NOx and soot emissions are of great 
concern these days [32], it is necessary to find ways to mitigate them 
especially when kerosene is used as a new alternative in diesel engines. 
1.3 Objectives 
The research objectives stated here will directly address the research gaps 
highlighted in Section 1.2. They are as follows: 
 To develop chemical reaction mechanisms for kerosene combustion in 
diesel engines. The kerosene reaction mechanisms must be small and 




 To incorporate soot formation and oxidation precursors and chemistry 
into the kerosene reaction mechanisms. This is to facilitate the study of 
kerosene’s sooting behavior in diesel engine simulations. 
 To systematically study the combustion characteristics as well as the 
emissions behavior of kerosene and its blends in diesel engines under 
various operating environments in order to know more of kerosene’s 
advantages and limitations, so that new solutions can be discovered to 
minimize engine emissions. It can be seen from Chapter 2 that although 
the combustion of kerosene under high engine load produces more NOx 
emissions as compared to diesel, using the appropriate injection 
rate-shape can mitigate this problem. 
1.4 Thesis organization 
This thesis is divided into several chapters. A short description of each 
chapter is given below: 
 Chapter 1 gives the background and the motivation behind the research 
work carried out in this thesis. It also highlights the research gaps and 
the research objectives. 
 Chapter 2 is a comprehensive literature review which covers kerosene’s 
fuel properties, its autoignition characteristics, its spray and combustion 
in constant volume combustion chambers (CVCCs), its combustion and 
emissions behavior in optical and non-optical engines as well as its 
surrogates and reaction mechanisms developed to date. Available 
literature regarding the numerical simulation of kerosene combustion in 
diesel engines is also covered. Research gaps are highlighted here. 
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 Chapter 3 states the methodology used in this research work. It includes 
a comprehensive overview of the experimental engine testbed and the 
important models that are used in the KIVA4-CHEMKIN [39, 40] code. 
 Chapter 4 shows the development of a reduced kerosene reaction 
mechanism with embedded soot chemistry for diesel engines, whereby 
soot is represented simply by gas phase C(S). 
 Chapter 5 talks about the development of a robust and compact 
kerosene-diesel reaction mechanism for diesel engines. The kerosene 
reaction mechanism developed in this chapter is much smaller than the 
previously developed mechanism. 
 Chapter 6 investigates the effects of injection rate-shapes and bowl 
geometries on the combustion characteristics and emissions formation 
of a kerosene-diesel fueled diesel engine. This chapter also highlights 
the potential of kerosene in reducing emissions when it is used with the 
appropriate injection strategy. It can be seen in this chapter that the 
enhanced kerosene-diesel reaction mechanism developed in Chapter 5 
can be used in conjunction with a phenomenological soot model to study 
soot trends such as soot particle mass, size and number under different 
operating parameters. 
 Chapter 7 concludes the work accomplished in this thesis and suggests 
recommendations for potential future research works to be done for 
more improvement of kerosene combustion in diesel engines. 
 7 
 
Chapter 2 Literature review 
2.1  Introduction 
Figure 2-1 shows a typical quasi-steady conventional diesel spray 
combustion [41-43] and its effect on heat-release [16, 44], NOx and soot 
emissions [42, 45-48]. The conventional diesel spray combustion schematic 
and the equivalence ratio-temperature (φ-T) map are primarily taken from the 
original works of Dec [41] and Kamimoto and Bae [45] respectively. 
 
Figure 2-1 A typical quasi-steady conventional diesel spray combustion [41-43] and 
its effect on heat-release [16, 44], NOx and soot emissions [42, 45-48]. The 
conventional diesel spray combustion schematic and the equivalence 
ratio-temperature (φ-T) map are primarily taken from the original works of Dec [41] 
and Kamimoto and Bae [45] respectively. Reproduced from [43, 44, 47]. 
 
The aforementioned proposed diesel spray combustion concept and φ-T 
map are well established in the engine community [49]. For the ease of 
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understanding subsequent sections in this work, the conventional diesel spray 
combustion process [16, 41-43] will be highlighted here. Concisely, high 
pressure diesel fuel from the common rail is injected into the combustion 
chamber through either a solenoid or piezoelectric injector [50, 51] when the 
piston is near top dead center (TDC). The liquid fuel then enters into the 
combustion chamber at a high velocity and spreads out in a conical shape as it 
experiences breakup and atomization due to turbulence, aerodynamic drag and 
instabilities. Due to the aerodynamic drag as a result of high ambient density, 
the fuel jet experiences a decrease in velocity once it exits the nozzle. It should 
be noted that the spreading angle of a spray is also known as the cone angle. 
Consequently, as the liquid fuel jet travels downstream, hot air entrainment of 
the fuel takes place. At a certain point further downstream, fuel droplets 
absorb sufficient heat energy from the surroundings and they vaporize. The 
vaporized fuel then mixes with the hot ambient air to form a combustible 
fuel-air premixed charge. The distance from the nozzle to the liquid tip of the 
fuel jet just before vaporization is known as the liquid penetration while the 
distance from the nozzle to the vapor tip is called the vapor penetration. The 
time delay from the start of injection (SOI) to just before the start of 
combustion (SOC) is known as the ignition delay period. Following which, the 
premixed charge at the tip of the still-developing spray undergoes autoignition 
due to the high ambient temperature. This is known as premixed combustion 
which occurs at about φ=4 [42, 43] and it happens via a two-stage ignition, 
with the second stage combustion being highly exothermic which results in an 
initial rapid heat-release rate. Due to the locally high equivalence ratios near 
the axial location of the jet, polyaromatic hydrocarbon (PAH) and soot 
 9 
 
formation occurs near the jet axis. Subsequently, as more fuel is being injected 
after SOC, diffusion combustion occurs. This phase is also known as the 
mixing-controlled combustion phase whereby the combustion process is very 
much dependent on the fuel spray. NOx is seen to be formed radially away 
from the spray axis, near the spray periphery, where φ=1 [42, 43] as 
combustion proceeds towards completion. It is interesting to note that the 
diffusion flame is seen to be located at a distance away from the nozzle and 
this distance is termed as the flame lift-off length (FLOL) [43]. FLOL is 
affected by factors such as ambient density, oxygen concentration, 
temperature, nozzle diameter, injection pressure as well as fuel composition 
[43]. The final phase of combustion is known as the late combustion phase 
whereby residual hydrocarbons burnout. From the φ-T map in Figure 2-1, 
in-cylinder local equivalence ratios and temperatures should be kept below 2 
and 2200K respectively in order to avoid both the soot and NOx peninsulas 
[45, 47]. 
From the previous paragraph, it can be seen that fuel spray considerably 
influences the combustion process and emissions formation in a DICI engine. 
Therefore, any changes in fuel properties will affect the spray, atomization, 
evaporation, mixing, autoignition and combustion in an engine [16]. As a 
result, in order for kerosene to be more effectively and efficiently used in 
diesel engines with lower emissions, it is needful to know the progress made 
thus far in this area of research so that research gaps can be identified for 
further improvement. Moreover, this chapter not only serves to identify the 
research gaps, it also gives a proper understanding of kerosene’s autoignition 
and combustion characteristics together with its emissions formation 
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behaviour under various diesel engine operating conditions. Having a good 
understanding of kerosene’s combustion and emissions behaviour will aid in 
the explanation of some simulation results in this thesis. It should be noted that 
the scope of this review work will only be limited to the conventional 
kerosene distillate. 
Therefore, in this chapter, a comprehensive review will be carried out 
systematically to better understand the characteristics and behaviour of 
kerosene in a DICI environment as well as to identify the research gaps. The 
subsequent sections of this review work are listed as follows: 
(a) Fuel properties of kerosene. 
(b) Fundamental autoignition studies of kerosene in shock tube, rapid 
compression machine (RCM), fuel ignition tester (FIT), ignition quality 
tester (IQT), constant volume combustion chamber (CVCC) and engine. 
(c) Experimental studies of kerosene spray and combustion in CVCCs. 
(d) Experimental investigations of kerosene combustion and emissions in 
DICI engines. 
(e) Development of kerosene surrogates, their chemical reaction 
mechanisms and the modelling of kerosene combustion in DICI 
engines. 
(f) Research gaps to be addressed in this thesis. 
2.2 Kerosene fuel properties 
The three most common conventional kerosene distillate fuels are Jet-A, Jet 
A-1 and JP-8 [52]. Jet A and Jet A-1 are used in civilian aircrafts, with Jet A 
being used only in the US while Jet A-1 is used throughout the rest of the 
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world [7]. The freezing point of Jet A is at -40°C while that of Jet A-1 is at 
-47°C [7]. On the other hand, JP-8 is the military version of Jet A-1 and is 
used in military aircrafts of the NATO and the US [7]. JP-8 is essentially Jet 
A-1 with additional additives for anti-icing, anti-corrosion and anti-static 
purposes [7]. It can be observed from [52] that Jet-A, Jet A-1 and JP-8 are 
almost identical in terms of their physical properties such as density, viscosity, 
surface tension and vapour pressure. Moreover, it should be noted that Jet-A, 
Jet A-1 and JP-8 are chemically very similar except for the additives that are 
used in them [53]. 
Table 2-1 Kerosene and diesel fuel properties [49, 54-60]. 




Density @ 15°C (kg/m
3
) 806 843 
Kinematic viscosity @ 40°C (mm
2
/s) ~1.4 2.35 
Surface tension (dyn/cm) 27.7 29.8 
Boiling point @ T10 (°C) 180 211 
Boiling point @ T90 (°C) 251 315 
Boiling point @ T100 (°C) 274 350 
Cetane number (CN) 46 51 
Autoignition temperature (°C) 210 235 
Flash point (°C) 51 73 
Lower heating value (LHV; MJ/kg) 43.2 42.975 
Aromatic content (by volume fraction) 0.19 0.27 
Threshold sooting index (TSI) 21.4 ~28 
 
Table 2-1 shows the fuel properties of kerosene and diesel [49, 54-60]. It is 
observed that kerosene has got lower viscosity, density, Cetane number (CN), 
aromatic content and threshold sooting index (TSI) as compared to diesel. On 
the other hand, the volatility of kerosene is higher than diesel and this can be 
inferred from the range of boiling point temperatures [61] for kerosene and 
diesel. This can also be seen from Figure 2-2 which shows the distillation 




Figure 2-2 The distillation curves of JP-8 and diesel [5]. Reproduced from [5]. 
 
A fuel that has a lower viscosity is able to undergo atomization more easily 
as compared to a higher viscosity fuel [62, 63]. In addition, the density of a 
fuel directly affects fuel volatility as a lower density fuel will contain smaller 
molecules that can vaporize more easily which results in its higher volatility 
[64]. Consequently, a low density, low viscosity and high volatility fuel 
contributes to better fuel atomization and fuel-air mixing in a conventional 
diesel engine which is beneficial for a more complete combustion. 
Furthermore, a fuel with a lower aromatic content, and hence a lower TSI 
value, will give lower soot emissions during combustion as PAH plays a 
crucial role in the formation of soot [57, 65, 66]. Another important property is 
the CN of a fuel, which is a measure of fuel ignition quality [49]. A lower CN 
fuel will give a longer ignition delay period [16]. Despite the many differences 
between kerosene and diesel, their lower heating values (LHVs) are rather 
similar. Finally, it is interesting to note that kerosene has a lower lubricity as 
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compared to diesel which contributes to the greater wear of the fuel injection 
system when kerosene is used [35, 36]. This shortcoming, however, can be 
circumvented by the addition of lubricity additives such as esters [67, 68]. 
A comprehensive knowledge of the differences between kerosene’s and 
diesel’s fuel properties is important for understanding the combustion process 
and emissions formation in a kerosene fueled diesel engine. Beyond that, a 
good understanding of kerosene fuel properties will help in the development 
of suitable kerosene surrogates for DICI engine applications [69]. The effects 
of kerosene fuel properties on combustion and emissions under diesel-like 
operating conditions and in actual diesel engines will be further discussed in 
the following sections. 
2.3 Fundamental autoignition studies of kerosene 
A deep understanding of the autoignition characteristics of kerosene is 
important [70] for the successful and efficient usage of kerosene in DICI 
engines. This is because the combustion process and emissions formation that 
occur in a conventional diesel engine are very much affected by the 
autoignition characteristics of a fuel [16]. As discussed previously, the CN of a 
fuel dictates the period of ignition delay after fuel injection [16]. The larger 
the CN, the shorter will be the period of ignition delay. It should be noted that 
the overall ignition delay period comprises of the physical and the chemical 
delays [16, 71]. The physical properties of a fuel such as the viscosity, 
volatility and density will affect the spray breakup, atomization, evaporation 
and fuel-air mixing in a DICI engine. Hence, as fuel is directly injected into 
the combustion chamber for the case of a DICI engine, the physical fuel 
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properties will affect the physical delay [16, 71] unlike a traditional gasoline 
engine whereby fuel is already premixed with air before it enters the 
combustion chamber. On the other hand, the chemical delay is very much 
affected by the fuel structure and composition [71, 72]. 
In addition to having a better understanding of kerosene’s autoignition 
characteristics, data gathered from autoignition studies is crucial in aiding the 
development of kerosene surrogates and their reaction mechanisms [73, 74]. 
Autoignition studies from literature [53, 61, 70-89] mainly investigate the 
ignition delay times of kerosene using different equipment such as shock tube, 
rapid compression machine (RCM), fuel ignition tester (FIT), ignition quality 
tester (IQT), constant volume combustion chamber (CVCC) and even single- 
and multi-cylinder engines. Of all the aforementioned equipment, the shock 
tube and RCM are meant to test only the chemical ignition delay as the 
investigated fuel is fully vaporized prior to ignition. On the contrary, the IQT, 
FIT, CVCC and engine take into consideration both the chemical as well as 
the physical delays because fuel spray is involved. Table 2-2 shows a 
compilation of the different kerosene autoignition studies [53, 61, 70-89] 
carried out under different conditions with varying temperatures (T), pressures 
(P), equivalence ratios (φ), ambient densities and levels of oxidizer. From [53, 
61, 70-89], it can be seen that all of the studies investigated the autoignition 
characteristics of Jet-A, Jet A-1 and JP-8 except for one study done by Zhang 
et al. [73] which focused on RP-3. From their study, RP-3, which is the 
Chinese equivalent of Jet-A, was observed to have very similar ignition delay 




Table 2-2 Compilation of the different kerosene autoignition studies [53, 61, 70-89] carried out under different conditions with varying temperatures (T), 
pressures (P), equivalence ratios (φ), ambient densities and levels of oxidizer. 









Dean et al. [75] ST Jet-A 8.5 ± 1 1000-1700 0.5, 1, 2 Air (21% O2) - 
Vasu et al. [76] ST Jet-A, 
JP-8 
17-51 715-1229 0.5, 1 Air (10%, 21% O2) - 
Dooley et al. [77] ST Jet-A 16.3-24.8 674-1222 1 Air (21% O2) - 
Balagurunathan [78] ST JP-8 14.87-17.94 1021.2-1546.6 0.5, 1, 3 7% O2, 93% Ar - 
Wang and Oehlschlaeger [53] ST Jet-A, 
Jet-A with JP-8 
additives 
8, 11, 20, 39 662-1381 0.25, 0.5, 1, 1.5 Air (21% O2) - 
Mzé-Ahmed et al. [79] ST Jet A-1 16 909-1429 0.5, 1 Air (20% O2) diluted in extra 
N2 
- 
Zhukov et al. [80] ST Jet-A 10, 20 1040-1380 0.5, 1, 2 Air (21% O2) - 
Zhang et al. [73] ST RP-3 1-20 650-1500 0.2, 1, 2 Air (21% O2) - 
Zhu et al. [74] ST JP-8 2.07-6.37 1103-1341 0.48-1.42 Air (21% O2) - 
Valco et al. [72] ST JP-8 17-23 667-1111 1 Air (21% O2) - 
De Toni et al. [81] ST Jet A-1 15, 30 714-1250 0.3, 1 Air (21% O2) - 
Davidson et al. [82] ST Jet-A, 
JP-8 
9.51-53.8 1008-1411 0.37-2.14 Air (21% O2), 
4% O2 with Ar, 
21% O2 with Ar 
- 
Kumar and Sung [83] RCM Jet-A, 
JP-8 
7, 15, 30 650-1100 0.42-2.26 Air (10%, 21%, 32% O2), 
including 50% Ar for some 
cases 
- 
Dooley et al. [77] RCM Jet-A 22.3 653.3-709.6 1 Air (21% O2) - 
Hui et al. [70] RCM Jet-A 22 642, 654, 661 1.13 Air (21% O2) - 




Allen et al. [85] RCM JP-8 5, 10, 20 625-730 0.25, 0.5, 1 Air (21% O2) - 




20 625-714 0.25, 0.5, 1 Air (21% O2) - 
De Toni et al. [81] RCM Jet A-1 7, 15 645-909 0.3, 0.7, 1, 1.3 Air (21% O2) - 




22 850 - Air (21% O2) - 
Pickett and Hoogterp [86] CVCC JP-8 - 750-1250 - Air (21% O2) 7.27, 
14.8, 30 
Kang et al. [71] CVCC Jet-A 20 813-913 - Air (21% O2) with varying 
EGR from 0-55% 
- 
Zheng et al. [87] IQT JP-8 21.37 778-848 - Air (21% O2) - 
Shrestha et al. [61] IQT JP-8 21.37 808, 858, 878 
@ skin 
- Air (21% O2) - 
Schihl and Hoogterp-Decker [88] SCE, 
MCE 
JP-8 - 850-1200 - Air (21% O2) 18, 24, 
30 




40-125 900-1100 - Air (21% O2) 15-40 
 
Eqmt.: Equipment P: Pressure T: Temperature E.R.: Equivalence Ratio ST: Shock Tube 
Skin: Refers to the skin 
temperature of the combustion 
chamber 
RCM: Rapid Compression 
Machine 
CVCC: Constant Volume 
Combustion Chamber 
FIT: Fuel Ignition Tester 
RP-3: Chinese equivalent of 
Jet-A 
IQT: Ignition Quality Tester SCE: Single Cylinder Engine MCE: Multi-Cylinder Engine EGR: Exhaust Gas Recirculation  
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Shock tube experiments were done by Dean et al. [75], Vasu et al. [76], 
Dooley et al. [77], Balagurunathan [78], Wang and Oehlschlaeger [53], 
Mzé-Ahmed et al. [79], Zhukov et al. [80], Zhang et al. [73], Zhu et al. [74], 
Valco et al. [72], De Toni et al. [81] and Davidson et al. [82] under a wide 
range of conditions as seen from Table 2-2. For the sake of completeness, 
Figure 2-3a shows a typical shock tube experimental setup [80]. From the 
work of Wang and Oehlschlaeger [53], as seen from Figure 2-3b, they 
compared the experimental shock tube ignition delay times of Jet-A and Jet-A 
with JP-8 additives. 
 
Figure 2-3 (a) A typical shock tube experimental setup [80] and (b) comparison of 
experimental shock tube ignition delay times of Jet-A and Jet-A with JP-8 additives 
[53]. Reproduced from [53, 80]. 
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JP-8 additives were seen to have negligible effect on the ignition delay 
times of Jet-A. The slight differences between their ignition delay times were 
likely due to variations in their fuel compositions. Consequently, they 
concluded that the effects of JP-8 additives on autoignition could be ignored 
when developing kerosene surrogates and their reaction mechanisms. In 
addition, Vasu et al. [76] established 𝜏 ∝ 1/𝑃 to be valid for pressures of 
20-50 atm and temperatures of 950-1250K from shock tube experiments, 
where τ is the ignition delay time and P is the initial pressure. This equation is 
important for pressure scaling the ignition delay times of kerosene. Not 
surprisingly, other researchers such as Kim et al. [90] and Rothamer and 
Murphy [89] used it to scale shock tube and RCM data for the ease of 
comparison. However, Schihl and Hoogterp-Decker [88] cautioned that 
𝜏 ∝ 1/𝑃 cannot be used for pressure scaling ignition delay times that are 
derived from spray combustion experiments, including those from engine 
experiments, as both physical and chemical ignition delays are involved. 
Interestingly, Balagurunathan [78] and Davidson et al. [82] discovered from 
their shock tube experiments that under high temperature conditions, the 
ignition delay times of the tested kerosene fuels were shorter with leaner 
mixtures and longer with richer mixtures, which were contrary to those of 
lower temperature conditions. Moreover, Davidson et al. [82] found that 
changes in equivalence ratio had little effect on kerosene ignition delay under 
high temperature conditions. Furthermore, it can be seen that RP-3 [73], Jet-A 
[53], Jet A-1 [81] and JP-8 [76, 83] have three distinct ignition delay regions 
which can be classified into the low (T<750K), negative temperature 
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coefficient (NTC) (750K≤T≤900K) and high (T>900K) temperature regions 
[53]. 
On the other hand, RCM experiments were carried out by Kumar and Sung 
[83], Dooley et al. [77], Hui et al. [70], Allen et al. [84, 85], Valco et al. [72] 
and De Toni et al. [81] under a wide range of conditions as seen from Table 
2-2. From the RCM experiments, kerosene was seen to exhibit a two-stage 
ignition behavior, first with a low temperature heat-release and then followed 
by a high temperature heat-release [70, 81, 83, 84]. Interestingly, from the 
work of De Toni et al. [81] in a RCM, the first and second stage ignition delay 
times of kerosene were very similar when initial temperatures were below 
700K. Moreover, Kumar and Sung [83] found from RCM experiments that the 
first stage ignition delay times of kerosene were very much affected by 
temperature changes but variations in equivalence ratio had minimal effect. 
Furthermore, they highlighted that low compression pressures resulted in a 
more distinct ignition delay NTC region. Also, it can be observed from 
literature that fuel composition significantly affects the chemical ignition 
delay of kerosene [70, 72]. Straight hydrocarbon chains have higher reactivity 
as compared to branched and cyclic hydrocarbons including aromatics. 
IQT, FIT, CVCC and engine experiments [61, 70, 71, 86-89] complement 
the shock tube and RCM experiments as the effects of kerosene’s physical 
properties on autoignition are taken into consideration. It should be noted that 
the IQT and FIT experiments were done in accordance to ASTM D6890 and 
ASTM D7170 standards respectively [61, 70, 87, 91]. From the IQT and FIT 
experiments, the derived Cetane number (DCN) of kerosene can be 
established. Also, CVCC experiments done by Pickett and Hoogterp [86] of 
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Sandia National Laboratory (SNL) showed that JP-8 kerosene exhibited a 
longer ignition delay than diesel under different ambient densities and 
temperatures due to the lower CN of kerosene as shown in Table 2-1. 
Furthermore, Kang et al. [71] found from CVCC experiments that exhaust gas 
recirculation (EGR) significantly affected the chemical ignition delay of 
kerosene but effects on the physical delay was negligible. Interestingly, from 
engine experiments, Rothamer and Murphy [89] discovered that the ignition 
delay times of kerosene was dominated by its chemical delay at lower 
temperatures (800K≤T≤1000K) and its physical delay at higher temperatures 
(T>1000K). 
2.4 Experimental studies of kerosene spray and combustion in CVCCs 
The study of kerosene spray and combustion in a CVCC will enable 
researchers to have a deeper understanding of the effects of kerosene fuel 
properties on spray characteristics and combustion behavior. As a CVCC 
eliminates much of the engine parameters that can affect the spray and 
combustion process, such as swirl, intake and exhaust valve opening and 
closing timing, piston bowl geometry and injection timing [16], one can have a 
more in-depth look into the effects of fuel thermo-physical properties on spray 
and combustion. There were various research groups that had done significant 
work on the constant volume spray and combustion of kerosene. The 
pioneering work was done by the group from SNL which consisted of Pickett 
and Hoogterp [86] as well as Kook and Pickett [54, 92, 93]. Following their 
lead, others that had contributed to this area were Lee and Bae [5], Park et al. 




Figure 2-4 (a) A schematic of SNL’s CVCC [86], (b) the comparisons of the 
shadowgraph images of JP-8 and diesel sprays [86], (c) the liquid and vapor 
penetrations together with the spreading angles of JP-8 and diesel sprays in a reacting 
environment [86] and (d) the ignition delay plots of JP-8 and diesel under different 
ambient densities and temperatures [86]. Reproduced from [86]. 
 
Figure 2-4 shows (a) a schematic of SNL’s CVCC [86], (b) the 
comparisons of the shadowgraph images of JP-8 and diesel sprays [86], (c) the 
liquid and vapor penetrations together with the spreading angles of JP-8 and 
diesel sprays in a reacting environment [86] and (d) the ignition delay plots of 
JP-8 and diesel under different ambient densities and temperatures [86]. 
Briefly, the CVCC of SNL [54, 86, 92] is a cubic fixed-volume spray 
combustion chamber. This chamber is designed to withstand high ambient 
temperatures and pressures, and so it is capable of mimicking the extreme 
in-cylinder conditions in a typical DICI engine. Also, it is equipped with a 
high pressure diesel injector that is able to inject fuel into the chamber at 
various injection pressures. Moreover, the chamber is made optically 
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accessible by the use of Sapphire glass. This feature is important in the design 
of the chamber as it allows optical sensors to monitor the entire spray and 
combustion process. Shadowgraph, chemiluminescence, Mie-scattering, soot 
luminosity, planar laser-induced incandescence (PLII) and Schlieren imaging 
are some ways used to investigate the entire spray and combustion process. 
From Figure 2-4c, it was observed that the cool-flame of JP-8 occurred later 
than that of diesel [86]. This was not surprising as JP-8 has a lower CN than 
diesel. Consequently, from Figure 2-4d, the main ignition of JP-8 was also 
seen to be retarded when compared to that of diesel under different ambient 
conditions [86]. Notably, from the work of Kang et al. [71] that was done in a 
CVCC, it was observed for Jet-A that there was less low temperature 
heat-release and more high temperature heat-release with increasing ambient 
temperatures. 
 
Figure 2-5 (a) The liquid and vapor penetrations in a non-reacting environment [54] 
and (b) the OH chemiluminescence [93], (c) soot PLII [93] and (d) soot volume 
fraction [93] images in a reacting environment. Reproduced from [54, 93]. 
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Figure 2-5 shows (a) the liquid and vapor penetrations in a non-reacting 
environment [54] and (b) the OH chemiluminescence [93], (c) soot PLII [93] 
and (d) soot volume fraction [93] images in a reacting environment. The fuels 
investigated were Jet-A (JW), JP-8 (JC), diesel (D2), Fischer-Tropsch (JS), 
kerosene surrogate (SR) and coal-derived (JP) fuels [54, 93]. It was seen from 
the work of Kook and Pickett [93] that fuels which has a lower CN not only 
had a longer ignition delay but also a longer FLOL. It should be noted that 
FLOL generally increases with a decrease in CN. Moreover, it was observed 
from Figure 2-5b, c and d that the FLOL and the first-soot length both affect 
soot formation and oxidation [93]. With a longer FLOL, entrainment of air in 
the fuel spray increases before combustion begins and this reduces the fuel-air 
equivalence ratio [93]. As a result, there will be less soot volume fraction. 
Furthermore, with a longer first-soot length, soot volume fraction was also 
seen to decrease [93]. Interestingly, a greater difference between FLOL and 
first-soot length resulted in decreased soot emissions [93]. In addition, soot 
emissions resulting from spray combustion did not solely depend on FLOL 
and first-soot length but also depended vitally on fuel composition. It was seen 
that fuels containing more aromatics had a higher sooting tendency [92, 93]. 
As Jet-A and JP-8 kerosene had less aromatics as compared to diesel, their 
soot volume fraction were consequently lesser than diesel [93]. This trend can 
also be seen from [65, 66]. Moreover, it was observed that the soot structure of 
higher sooting fuels was agglomerated and clustered together while that of 




Figure 2-6 This figure shows the non-reacting vaporizing sprays of kerosene and 
diesel under different ambient conditions and injection pressures [58]. Figure 2-6a 
shows the sprays of kerosene and diesel at an ambient condition of 723K and 11.38 
kg/m
3
 and an injection pressure of 50MPa [58]. Figure 2-6b and c show the vapor and 





 respectively, with two different injection pressures [58]. 
Reproduced from [58]. 
 
Figure 2-6 shows the non-reacting vaporizing sprays of kerosene and diesel 
under different ambient conditions and injection pressures [58]. Figure 2-6a 
shows the sprays of kerosene and diesel at an ambient condition of 723K and 
11.38 kg/m
3
 and an injection pressure of 50MPa [58]. On the other hand, 
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Figure 2-6b and c show the vapor and liquid penetrations at different ambient 
conditions of 723K/11.38 kg/m
3
 and 925K/23.39 kg/m
3
 respectively, with two 
different injection pressures [58]. From Figure 2-6, Figure 2-4c and Figure 
2-5a, it can be observed that kerosene and diesel sprays are generally quite 
similar except for some minor differences [54, 58, 86]. Due to kerosene’s 
lower density and higher volatility as compared to diesel, kerosene’s liquid 
penetration was seen to be shorter than diesel [58, 86]. However, this 
difference was less obvious when the ambient density was higher as spray 
behavior became dominated by ambient condition [58]. On the contrary, the 
vapor penetrations of both kerosene and diesel were almost identical, 
especially under conditions of high ambient density [54, 58, 86]. Furthermore, 
there was no known effect of fuel density and volatility on vapor penetration 
[54]. This implied that under high temperature vaporizing conditions, air 
entrainment of kerosene and diesel sprays were very similar [86]. From other 
kerosene spray experiments [5, 95, 96] conducted under non-vaporizing and 
non-reacting conditions, kerosene was seen to give a shorter spray penetration 
as compared to diesel. This was attributed to the lower viscosity of kerosene 
which contributed to better spray breakup to form smaller droplets with lower 
momentum that resulted in a shorter penetration. Furthermore, wider spray 
angles were also observed for kerosene sprays [5, 95, 96]. Interestingly, at 
higher injection pressures, the difference in kerosene’s and diesel’s spray 





Figure 2-7 Comparisons between kerosene’s, diesel’s, gasoline’s and gasoline/diesel 
blend’s (a) spray penetrations, (b) spray velocities and (c) spray angles [96]. (d) The 
spray images of the four fuels [96]. Reproduced from [96]. 
 
Figure 2-7 shows the comparisons between kerosene’s, diesel’s, gasoline’s 
and gasoline/diesel blend’s (a) spray penetrations, (b) spray velocities and (c) 
spray angles [96]. In addition, Figure 2-7d shows the spray images of the four 
fuels [96]. From Figure 2-7, it was observed that kerosene which has a lower 
viscosity than diesel underwent atomization more easily. As a result, kerosene 
spray experienced a lower velocity and penetration, but had a wider spray 
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angle, as compared to those of diesel due to smaller droplet sizes that 
contributed to a lower spray momentum and increased spray resistance [96]. 
Similar spray behaviors were seen from the work of Song et al. [97] when they 
mixed lower viscosity, lower density and higher volatility ethanol with JP-8 in 
their spray experiments. 
2.5 Experimental investigations of kerosene combustion and emissions in 
DICI engines 
The properties of kerosene as well as its autoignition, combustion and 
sooting characteristics in different equipment such as shock tube, RCM, IQT, 
FIT and CVCC have been discussed in detail in the previous sections. In this 
section, the combustion of kerosene in DICI engines will be looked into. This 
will enable researchers to have a good understanding of the effects of kerosene 
on the combustion process and emissions formation under real engine 
conditions. 
2.5.1 Kerosene combustion in optical engines 
Optical engines [98] allow visual access into the combustion chamber 
during the entire combustion process. This is especially needful to better 
understand the combustion and emissions characteristics of a particular fuel 
under a certain engine operating condition. Primarily, researchers such as Zha 
et al. [98] had used the high-speed complementary metal-oxide-semiconductor 
(CMOS) color camera and the charge-coupled device (CCD) camera in 
addition to the in-cylinder pressure transducer and exhaust gas analyzer to 
study the effects of kerosene combustion in optical DICI engines. Various 
other researchers such as Lee et al. [5, 37], Jansons and company [99-102] as 
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well as Lee [103] also contributed significantly to the study of the behavior 
and characteristics of kerosene combustion in optical engines. 
Lee et al. [5, 37] investigated the combustion characteristics and emissions 
of JP-8 and diesel in an heavy-duty optical engine. Figure 2-8 shows the 
natural and normalized flame luminosities of JP-8 and diesel under injection 
pressures of (a) 30MPa and (b) 140MPa, the respective (c) flame temperature, 
KL factor distribution, (d) in-cylinder pressures and heat-release rates [5, 37]. 
It should be noted that K is the coefficient of soot absorption and L is the “line 
of sight path length through flame” [37]. 
 
Figure 2-8 The natural and normalized flame luminosities of JP-8 and diesel under 
injection pressures of (a) 30MPa and (b) 140MPa, the respective (c) flame 
temperature, KL factor distribution, (d) in-cylinder pressures and heat-release rates 
[5, 37]. Reproduced from [5, 37]. 
 
From their works as seen from Figure 2-8d, it was observed that JP-8 had a 
longer ignition delay than diesel which was primarily due to the lower CN of 
JP-8 [5, 37]. Moreover, the heat-release during the premixed combustion 
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phase of JP-8 was substantially higher than that of diesel because of the longer 
ignition delay of JP-8 and its superior vaporization characteristic [5, 37]. With 
a longer ignition delay, more JP-8 was accumulated in the combustion 
chamber and more time was available for fuel-air mixing prior to the start of 
combustion (SOC). As a result, premixed heat-release of JP-8 was higher than 
that of diesel. Consequently, the heat-release of JP-8 during the diffusion 
combustion period was lower than diesel’s. Furthermore, from the natural and 
normalized flame luminosities of JP-8 and diesel as seen from Figure 2-8a and 
b, the flame luminosities of JP-8 were generally lower than those of diesel [5, 
37]. This implied that JP-8 experienced more premixed combustion and less 
diffusion combustion as compared to diesel. Moreover, it was seen from the 
flame luminosities that the duration of combustion (DOC) for JP-8 was shorter 
than diesel’s because of the superior vaporization property of JP-8 which 
caused rapid fuel oxidation during the late-stage combustion [5, 37]. 
Interestingly, the longer ignition delay of JP-8 was also reflected in the flame 
luminosities. Moreover, JP-8 combustion resulted in more NOx and less smoke 
as compared to diesel. This was because of the superior vaporization 
characteristic of JP-8 which allowed for a near-stoichiometric fuel-air mixture 





Figure 2-9 The in-cylinder pressures and heat-release rates together with the natural flame luminosities of biodiesel, HSD and JP-8 for different split injection 
dwell times of (a) 10°CA, (b) 15°CA and (c) 20°CA, where CA stands for crank angle [103]. Reproduced from [103].
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Another similar work was done by Lee [103] who investigated the effects 
of split injection dwell time on the combustion of biodiesel, high sulfur diesel 
(HSD) and JP-8 in an optical engine. Not surprisingly, the findings of Lee 
[103] concurred with those of Lee et al. [5, 37]. Figure 2-9 shows the 
in-cylinder pressures and heat-release rates together with the natural flame 
luminosities of biodiesel, HSD and JP-8 for different split injection dwell 
times of (a) 10°CA, (b) 15°CA and (c) 20°CA, where CA stands for crank 
angle [103]. From their work, Lee [103] found through the flame luminosities 
that the combustion of biodiesel and HSD were more dominated by diffusion 
combustion but the opposite was true for JP-8. Moreover, JP-8’s oxidation 
was also found to be the quickest due to its superior evaporation characteristic 
[103]. Consequently, NOx emissions and peak in-cylinder pressures were the 
highest for JP-8 combustion. 
Also, Jansons and co-workers [99-102] did some interesting work 
regarding JP-8 combustion in an optical engine. Firstly, they found that JP-8 
had a lower sooting tendency than diesel [99]. This was due to the lower 
aromatic content of JP-8 as well as its higher volatility that enabled it to 
evaporate and mix with ambient in-cylinder air more easily. Next, they 
investigated the effects of formaldehyde and ethylene on JP-8 combustion 
[100, 101] and found that formaldehyde retarded low temperature heat-release, 
lengthened DOC, decreased the magnitude of heat-release and enhanced soot 
formation. On the other hand, ethylene did not have any impact on ignition 
delay but did contribute to some soot formation. Apart from using 
conventional JP-8, they also used low CN Sasol JP-8 which gave poorer 
performance and higher emissions as compared to conventional JP-8 [102]. 
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2.5.2 Kerosene combustion in non-optical engines 
The use of optical engines to study the combustion and emissions of 
kerosene has been discussed in the previous section. The advantage of using 
optical engines is that it allows for the visualization of the entire combustion 
process. However, since the piston bowls of optical engines are made of glass, 
the combustion bowl geometries are all basically flat [104] and do not take 
into consideration the in-cylinder turbulence caused by the different bowl 
geometries like in real engines. Moreover, optical engines are operated under 
skip-fire mode [102] to avoid excessive thermal loading on the glass. 
Furthermore, optical engines also suffer from high blow-by losses [99]. 
Therefore, it is also desirable to study the combustion process and emissions 
formation of kerosene in real engines. The following paragraphs in this section 
will summarize the combustion characteristics and the emissions behavior of 
kerosene in non-optical DICI engines. 
From literature, it can be seen that much research had been done regarding 
the use of kerosene in compression ignition (CI) engines. Some researchers 
modified and improved commercial diesel engines to run on kerosene [105, 
106]. Others studied the effects of high Sulphur kerosene on engine 
combustion and emissions [107-109]. Also, the effects of using kerosene 
during engine cold-starting was investigated [110]. Furthermore, some works 
were done using kerosene under part-homogeneous or homogeneous engine 
operating conditions [111-116] while others investigated the use of kerosene 
in indirect injection (IDI) engines [117-123]. It should be noted that studies 
done recently on kerosene combustion were predominantly done using DICI 
engines [6, 49, 58, 59, 124-133]. From DICI engine experiments, it was 
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observed that kerosene had a longer ignition delay period than diesel even 
though kerosene had a lower viscosity and better vaporization characteristic 
[6, 58, 59]. Under high EGR rates, the difference between diesel’s and 
kerosene’s ignition delay became much more obvious [6]. This was attributed 
to kerosene’s lower CN. However, the difference in kerosene’s and diesel’s 
ignition delays could be minimized by using pilot injections which negated the 
CN effect by raising the in-cylinder temperature prior to the main injection 
and combustion [6]. On the other hand, for kerosene that had a similar CN as 
diesel, it was observed that combustion started earlier than diesel due to the 
higher volatility and evaporation rate of kerosene [49, 130, 131, 133]. It is 
interesting to note from experiments that even though kerosene and diesel had 
different densities, volatilities and viscosities, their combustion characteristics 
in terms of heat-release and pressure rise were very similar owing to the fact 
that they had similar CNs and air entrainment characteristics [130, 132, 133]. 
Moreover, it was observed that under high boost pressures, combustion was 
significantly affected for fuels with low CN and high volatility such as 
kerosene. On this note, it was concluded that fuel volatility affected the 
physical delay while CN affected the chemical delay [131]. Generally, in most 
cases, kerosene was seen to have a lower CN than diesel [6, 58, 59]. As the 
CN of kerosene was lower than diesel, combustion was retarded under both 
low and high load conditions [6, 49, 58, 59]. Under low load conditions, the 
magnitude of heat-release of kerosene was lower than that of diesel due to the 
superior evaporation characteristic of kerosene which caused a leaner fuel-air 
mixture to be formed prior to combustion [58]. Also, coupled with the fact that 
kerosene had a lower aromatic content than diesel, NOx emissions decreased 
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[49, 58, 59, 126]. On the other hand, under high load conditions, the 
magnitude of heat-release of kerosene was seen to be higher than that of diesel 
due to the longer ignition delay and better evaporation characteristic of 
kerosene which resulted in a more intense premixed burn [58, 59]. Lower CN 
fuels generally gave a larger fraction of premixed burn [133]. Due to the 
higher volatility of kerosene, a near-stoichiometric fuel-air mixture was 
formed and NOx emissions increased significantly [49, 58]. However, by using 
EGR and optimized injection strategies, NOx and soot trade-off was proven to 
be possible with minimal loss in efficiency [6, 58, 59]. In general, smoke and 
PM emissions decreased with the use of kerosene due to its higher volatility 
and lower aromatic content [6, 49, 58, 59, 126]. From experiments, it was seen 
that nucleation mode particles (NMPs) were more and accumulation mode 
particles (AMPs) were less when kerosene was used in place of diesel [126]. 
This could be attributed to kerosene’s lower aromatic content, lower viscosity, 
higher volatility, lower density, lower surface tension and smaller carbon 
molecules [6, 49, 58-60, 126, 128]. Under higher swirl intensity, AMPs were 
seen to decrease with the increase of NMPs [125]. In essence, the use of 
kerosene with EGR and/or the right injection strategy can reduce emissions 
and/or lower power loss [6, 58, 59, 124, 126, 127, 129]. 
Interestingly, some other engine experiments had been done using 
kerosene, diesel and biodiesel [134-136]. As compared to kerosene and diesel, 
the in-cylinder combustion of biodiesel gave a shorter ignition delay period 
due to its higher CN. Consequently, the combustion of biodiesel gave less 
premixed combustion and more diffusion combustion when compared to both 
kerosene and diesel due to biodiesel’s short ignition delay and low volatility 
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[136]. Moreover, as compared to kerosene and diesel, the combustion of 
biodiesel gave the highest NMPs due to better oxidation of soot as biodiesel 
fuel molecules contained oxygen and also due to the fact that biodiesel had no 
aromatic content [135, 136]. On the other hand, as compared to kerosene and 
biodiesel, diesel gave more AMPs due to lower amounts of NMPs as well as 
the presence of higher amounts of aromatics in diesel fuel [136]. Furthermore, 
when using kerosene for power generation in an engine, it was found that the 
stability of both power and frequency were slightly lower as compared to 
using diesel and biodiesel [134]. Finally, as the popularity of biodiesels had 
increased over the years [137], the use of kerosene and biodiesel blends in 
DICI engines [138-149] had also been tested and proven feasible under 
different engine operating conditions. 
Therefore, from this section, it can be seen that comprehensive 
experimental studies in both optical and non-optical DICI engines gave 
valuable insights on the combustion process and emissions formation of 
kerosene. The knowledge of kerosene’s combustion characteristics and 
emissions behavior in DICI engines will enable researchers to better utilize 
kerosene under different operating conditions. 
2.6 Development of kerosene surrogates, their chemical reaction 
mechanisms and the modelling of kerosene combustion in DICI engines 
Previously, the combustion characteristics and emissions behavior of 
kerosene in DICI engines have been discussed in much detail. Through those 
experimental studies, researchers and engineers were able to optimize the 
combustion and emissions of kerosene in DICI engines. However, a deeper 
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understanding of kerosene combustion and the optimization of its combustion 
process can also be achieved through numerical simulations [38]. Today, 
numerical simulations and experiments are coupled together [38] to give a 
more comprehensive analysis of a combustion system. Therefore, in this 
section, a comprehensive review of existing kerosene surrogates and their 
respective chemical reaction mechanisms will be given. 
As distillate fuels such as kerosene contain thousands of chemical 
compounds [38], it is impossible to include every chemical component into a 
chemical reaction mechanism. As a result, in all instances, a surrogate had to 
be used to represent a complex class of hydrocarbons [38, 56, 77, 90, 150, 
151]. This had to be done to reduce the number of species and reactions in a 
reaction mechanism in order to cut down on the computational time required 
for numerical simulations. From literature, it was seen that kerosene surrogates 
could be split into two classes. The first class of surrogate was the chemical 
surrogate which only emulated the chemical properties of kerosene such as the 
lower heating value (LHV), threshold sooting index (TSI), hydrogen-to-carbon 
(H/C) ratio, derived Cetane number (DCN) and molecular weight (MW) [56, 
77, 90, 150]. The second class of surrogate was a surrogate that could emulate 
both the chemical as well as the physical properties of kerosene [87, 90, 152]. 
Time dependent physical properties include volatility, density, viscosity and 
surface tension [90, 152]. 
From the review work of Dagaut and Cathonnet [38], it was seen that 
kerosene surrogates could have one or more components. Kerosene was seen 
to be represented purely by an alkane such as n-decane. On the other hand, 
different combinations and fractions of hydrocarbon classes like alkanes, 
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cycloalkanes and aromatics could also be used to represent kerosene. From 
their review work which was published in 2006 [38], it was observed that only 
chemical surrogates existed for kerosene. Furthermore, most kerosene 
surrogates at that time were only validated for their speciation data in 
jet-stirred reactors (JSRs) and premixed flat flame burners. Experimental 
validations for the autoignition characteristics of kerosene surrogates were 
very few and even if there were validations done, the range of experimental 
conditions under which validations were carried out was narrow. In addition, it 
was observed from their review work [38] that many of the surrogate reaction 
mechanisms contained more than a hundred species and a thousand reactions. 
Reasonable agreements for speciation data were seen between experiments 




Figure 2-10 The experimental [73, 76, 153] shock tube ignition delay times of kerosene (symbols) together with the simulated [38, 73, 76, 153-159] ignition 
delay times (lines) using different kerosene surrogate models and reaction mechanisms from literature. Figure 2-10a, b and c are from the work of Vasu et al. 
[76] while Figure 2-10d and e are from Dagaut et al. [153] and Zhang et al. [73] respectively. Notable chemical surrogates for kerosene were proposed by 
researchers like Lindstedt and Maurice [158], Mawid and Sekar [157], Violi et al. [156], Vasu et al. [76], Zhang et al. [73] as well as Daguat and company 
[38, 153, 155]. Reproduced from [38, 73, 76, 153-159].
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Next, Figure 2-10 shows the experimental [73, 76, 153] shock tube ignition 
delay times of kerosene (symbols) together with the simulated [38, 73, 76, 
153-159] ignition delay times (lines) using different kerosene surrogate 
models and reaction mechanisms from literature. Figure 2-10a, b and c are 
from the work of Vasu et al. [76] while Figure 2-10d and e are from Dagaut et 
al. [153] and Zhang et al. [73] respectively. Notable chemical surrogates for 
kerosene as seen in Figure 2-10 were proposed by researchers like Lindstedt 
and Maurice [158], Mawid and Sekar [157], Violi et al. [156], Vasu et al. [76], 
Zhang et al. [73] as well as Daguat and company [38, 153, 155]. Generally, it 
can be observed from Figure 2-10 that most of the predicted ignition delay 
times were in reasonable agreement with experiments conducted under high 
initial temperatures above 1000K. However, at lower initial temperatures 
below 1000K, many of the predicted ignition delay times were far from 
experiments especially in the negative temperature coefficient (NTC) and low 
temperature regions except for the work of Zhang et al. [73]. Moreover, from 
Figure 2-10 and from literature [56, 77, 90, 150, 160], the majority of ignition 
delay validations between simulations and experiments for kerosene were 
done for initial shock tube conditions of about 10-20atm and 1.0 equivalence 
ratio. 
Table 2-3 shows a compilation of the latest as well as significant kerosene 
surrogates from literature, the number of species and reactions in their 
respective reaction mechanisms as well as the target properties that each 




Table 2-3 A compilation of the latest as well as significant kerosene surrogates from literature, the number of species and reactions in their respective reaction 
mechanisms as well as the target properties that each surrogate was made to emulate [38, 54, 56, 61, 71, 73, 75-77, 87, 90, 92, 93, 150-176]. 
Components Species/Reactions To Emulate 
n-dodecane/iso-cetane/MCH/toluene 
0.3844/0.1484/0.2336/0.2336 (mole fraction) [90] 
n-dodecane/iso-cetane /decalin/toluene 
0.2897/0.1424/0.3188/0.2491 (mole fraction) [90] 
Detailed reaction mechanism 
library 
4014/ 16936 [90] 
Density, viscosity, surface tension, volatility, MW, 
LHV, CN, H/C, gas phase ignition delays of Jet-A 
[90] and its autoignition behaviors in a CVCC and 
an engine [71] 
n-dodecane/iso-cetane /decalin/toluene 
0.456/0.145/0.2632/0.1358 (volume fraction) [152] 
- Density, viscosity, surface tension, volatility, MW, 
LHV, DCN, H/C, engine in-cylinder spray, 
combustion and emissions of Jet-A [152] 
n-dodecane/isocetane/transdecalin/toluene 
0.3/0.36/0.246/0.094 (mole fraction) [160] 
231/5591 [160] Autoignition, volatility, laminar flame speeds and 
evaporation characteristics of Jet-A [160] 
n-dodecane/1,2,4-TMB 
0.6/0.4 (volume fraction) [87] 
n-hexadecane/ n-dodecane/iso-cetane/decalin/1,2,4-TMB/m-xylene 
0.01/0.49/0.16/0.19/0.11/0.04 (volume fraction) [87] 
- Volatility, TSI, H/C, LHV, MW, density, DCN, 
spray, autoignition and combustion characteristics 
of JP-8 [87] 
n-dodecane/1,2,4-TMB 
0.6/0.4 (volume fraction) [61] 
120/1471 [161] Volatility, TSI, H/C, LHV, MW, density, DCN, 
autoignition and combustion characteristics of JP-8 
[61] and its combustion and emissions in an engine 
[161] 
n-decane/iso-octane/toluene 
0.4267/0.3302/0.2431 (mole fraction) [77] 
1599/6633 [77] DCN, H/C of Jet-A and its chemical reactivity, gas 
phase ignition delays and extinction strain rates 
[77] 
n-dodecane/iso-octane/1,3,5-TMB/n-PB 
0.404/0.295/0.073/0.228 (mole fraction) [56] 
2080/8310 [150] TSI, DCN, MW, H/C of Jet-A and its gas phase 
ignition delays, speciation data, extinction strain 
rates, laminar flame speeds and chemical reactivity 
[56, 150] 
n-dodecane/m-xylene 
0.77/0.23 (volume fraction) [162] 
243/3384 [162] PAH, soot and flame dynamics, autoignition and 
combustion characteristics, speciation data of JP-8 
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[162] and its spray, combustion and soot behavior 
in a CVCC [54, 92, 93] 
n-decane/MCH/toluene 
0.821/0.079/0.1 (mole fraction) [163] 
n-decane/toluene 
0.596/0.404 (mole fraction) [163] 
348/2163 [163] H/C and flame speed of kerosene [163] 
n-decane/1,2,4-TMB 
0.8/0.2 (mass fraction) [154] 
122/900 [154] Soot evolution and extinction strain rate of 
kerosene in a counter flow flame [154] 
n-decane/1,2,4-TMB 
0.887/0.113 (mole fraction) [73] 
122/900 [73, 154] Gas phase ignition delays of RP-3 [73] 
n-decane/n-PCH/n-PB/decene 
Varying depending on fuel composition [164] 
550/1400 [164] Speciation data and autoignition behavior of 







(*All in mass fraction) [165] 
- Gas phase ignition velocities and delays of Jet-A 
[75] 
n-dodecane/n-tetradecane/iso-octane/MCH/tetralin/m-xylene 
0.3/0.2/0.1/0.2/0.05/0.15 (volume fraction) [157] 
n-decane/n-dodecane/n-tetradecane/iso-octane/MCH/toluene 
0.25/0.25/0.2/0.05/0.05/0.2 (volume fraction) [157] 








208/1087 [76, 159] 
221/5032 [166] 
TSI, volatility, reactivity, LHV, regression rate, 
speciation data and flammability of JP-8 [156] and 
its gas phase ignition delays [76], extinction limits 













0.45/0.2/0.25/0.1 (mass fraction) [167] 
221/1483 [167] Gas phase ignition delay times of JP-8 [167] 
n-dodecane/n-decane/butylbenzene/MCH 
0.347/0.326/0.16/0.167 (mole fraction) [168] 
164/1162 [168] Speciation data and ignition delay times of JP-8 
[168] 
n-dodecane/iso-cetane/MCH/decalin/α-methylnaphthalene 
0.26/0.36/0.14/0.06/0.18 (volume fraction) [169] 
- Oxidative and reactivity characteristics of JP-8 
[169] 
n-undecane/n-PCH/1,2,4-TMB 
0.79/0.1/0.11 (mass fraction) [38, 170] 
Quasi-global [38, 170] Speciation data of Jet A-1 in a JSR [38, 170] 
n-decane/toluene 
0.9/0.1 (volume fraction) [38, 171] 
39/207 [38, 171] Speciation data of kerosene in a flat flame burner 
[38, 171] 
n-decane/n-PB/n-PCH 
0.74/0.15/0.11 (volume fraction) [38, 172] 
207/1592 [38, 172] Speciation data of Jet A-1 in a JSR [38, 172] 
n-decane/n-PB/n-PCH 
0.74/0.15/0.11 (mole fraction) [38, 173, 174] 
209/1673 [38, 173, 174] Speciation data of Jet A-1 in a premixed flame and 
JSR as well as its autoignition behavior [38, 173, 
174] 
n-decane/n-PB/n-PCH 
0.69/0.2/0.11 (mole fraction) [153, 155] 
263/2027 [153, 155] Speciation data of Jet A-1 in a premixed flame and 
JSR as well as its autoignition behavior [153, 155] 
n-decane/aromatic 
0.89/0.11 (mole fraction) [158]; 
Aromatics can be benzene, toluene, ethylbenzene, 





Fuel/alkenic species, F (one component) [151] 8/7 [151] Heat-release, autoignition and speciation data of 
kerosene [151] 
C12H23 (one component) [175] 15/13 [175] Reflected wave speeds and ignition delay 
characteristic of Jet-A in a shock tube [175] 
C12H24 (one component) [176] 10/17 [176] Soot, LHV, H/C, MW of kerosene [176] 
 
MCH: Methylcyclohexane 1,3,5-TMB: 1,3,5-trimethylbenzene 1,2,4-TMB: 1,2,4-trimethylbenzene n-PCH: n-propylcyclohexane 
n-PB: n-propylbenzene C9H12: 1,2,4,5-teeramethylbenzene 1MN: 1-methylnapthalene PAH: Polyaromatic Hydrocarbon 
MW: Molecular Weight LHV: Lower Heating Value H/C: Hydrogen-to-Carbon ratio CN: Cetane Number 
DCN: Derived Cetane Number TSI: Threshold Sooting Index 
CVCC: Constant Volume Combustion 
Chamber 
JSR: Jet-stirred reactor 
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Recent notable chemical surrogates for kerosene (Jet-A) were developed by 
a consortium of universities under the Multi-University Research Initiative 
(MURI) [56, 77, 150]. Their goal was to mimic the gas phase combustion 
phenomena of kerosene using suitable surrogates [56]. Their first generation 
chemical surrogate (MURI1) consisted of 0.4267 n-decane/0.3302 
iso-octane/0.2431 toluene by mole fraction [77]. MURI1 was made to emulate 
the DCN and the H/C ratio of kerosene. As compared to kerosene, it was seen 
that MURI1 gave similar low temperature reactivity in a flow reactor, similar 
autoignition characteristics in a shock tube and RCM as well as similar 
extinction strain rates in a counter flow diffusion flame. However, MURI1 
was not able to mimic the TSI and MW of kerosene as it only consisted of 
three components. Modelling of MURI1 was done using a detailed reaction 
mechanism that consisted of 1599 species and 6633 reactions [77]. Generally, 
reasonable agreements were seen between the simulation results and the 
experimental results of the counter flow diffusion flame, flow reactor, shock 
tube and RCM. Interestingly, MURI1 was used by Cung et al. [177] for CVCC 
and closed reactor simulations. Subsequently, their second generation 
surrogate (MURI2) was developed to meet four target properties of kerosene 
which were the H/C ratio, MW, DCN and TSI [56]. MURI2 consisted of 0.404 
n-dodecane/0.295 iso-octane/0.073 1,3,5-trimethylbenzene/0.228 
n-propylbenzene by mole fraction. With the inclusion of two aromatic 
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compounds, MURI2 was able to match not only the TSI but also the DCN, 
MW and H/C ratio of kerosene simultaneously. From experiments, reasonable 
agreements were seen between MURI2 and kerosene for both low and high 
temperature reactivity, autoignition characteristics, laminar flame speeds, 
shock tube speciation data as well as sooting propensity. A detailed chemical 
reaction mechanism was also developed for MURI2 from the mechanism of 
MURI1 and it had 2080 species amongst 8310 reactions [150]. Simulation 
results for MURI2 were seen to match those of experiments in a flow reactor, 
shock tube and RCM fairly well. Figure 2-11 shows the RCM and shock tube 
experimental and simulated ignition delay times of kerosene, MURI1 and 
MURI2 at initial conditions of around 20atm and 1.0 equivalence ratio [56, 77, 
150]. From Figure 2-11, the reaction mechanisms of both MURI1 and 2 
predicted the autoignition trends reasonably. It should be noted that both 





Figure 2-11 The RCM and shock tube experimental and simulated ignition delay 
times of kerosene, MURI1 and MURI2 at initial conditions of around 20atm and 1.0 
equivalence ratio [56, 77, 150]. Reproduced from [56, 77, 150]. 
 
Other noteworthy surrogates were developed by the University of Michigan 
[71, 90, 152] in conjunction with other universities to emulate both the 
chemical as well as the physical characteristics of kerosene (Jet-A). Two 
surrogates, namely UM1 and UM2 [71, 90], both containing four components, 
were developed by them to meet eight target properties of kerosene. The target 
properties were volatility, density, viscosity, surface tension, MW, LHV, CN 
and H/C ratio [71, 90, 152]. The UM1 surrogate consisted of 0.3844 
n-dodecane/0.1484 iso-cetane/0.2336 methylcyclohexane/0.2336 toluene 
while the UM2 surrogate consisted of 0.2897 n-dodecane/0.1424 
 47 
 
iso-cetane/0.3188 decalin/0.2491 toluene by mole fraction. Simulations for 
UM1 and 2 were done using a detailed reaction mechanism containing 4014 
species with 16936 reactions [90]. 
 
Figure 2-12 The ignition delay comparisons between simulations (UM1 and 2) [90] 
and experiments (Jet-A) [53, 76, 77] at initial pressures of 20atm and 40atm. 
Reproduced from [90]. 
 
Figure 2-12 shows the ignition delay comparisons between simulations 
(UM1 and 2) [90] and experiments (Jet-A) [53, 76, 77] at initial pressures of 
20atm and 40atm. It can be seen from Figure 2-12 that at temperatures above 
1000K, the predicted and the experimental results were rather close but poorer 
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agreements were seen for temperatures below 1000K. Figure 2-13 shows the 
(a) density, (b) viscosity, (c) surface tension and (d) volatility comparisons of 
UM1, UM2, kerosene [90] and other kerosene surrogates [56, 154, 178, 179] 
from literature. Overall, it can be seen from Figure 2-13 that on the whole 
UM2 gave quite a good emulation of kerosene’s physical properties especially 
for density and viscosity which are important for accurately predicting sprays 
in DICI engines [16]. 
 
Figure 2-13 The (a) density, (b) viscosity, (c) surface tension and (d) volatility 
comparisons of UM1, UM2, kerosene [90] and other kerosene surrogates [56, 154, 




Not surprisingly, UM2 gave a better agreement than UM1 in predicting 
both the physical and chemical ignition delays of kerosene because UM2 
contained decalin instead of methylcyclohexane [71]. Moreover, it was seen 
that both UM1 and 2 gave a two-stage combustion behavior which was similar 
to that of kerosene. Using the same methodology, Yu et al. [152] developed a 
similar kerosene surrogate and tested it in an optical diesel engine. Figure 2-14 
shows the in-cylinder (a) broadband and (b) OH chemiluminescence for two 
different engine operating conditions [152]. From the work of Yu et al. [152] 
and as seen from Figure 2-14, the kerosene surrogate gave similar spray 
behavior, premixed combustion duration, high temperature ignition delay and 
radical distribution as kerosene. Furthermore, low temperature radical 
distribution and ignition delay, when compared to kerosene, were fairly 
similar. Overall, the developed surrogate was able to give similar combustion 
and emissions behavior as kerosene under different engine operating 
conditions. The methodology proposed by the University of Michigan was 
proven by others [61, 87, 161] to be reliable for kerosene surrogate 




Figure 2-14 The in-cylinder (a) broadband and (b) OH chemiluminescence for two 
different engine operating conditions [152]. Reproduced from [152]. Reprinted 
with permission Copyright © 2015 SAE International.  Further distribution of this 
material is not permitted without prior permission from SAE. 
 
Similar to the review done by Dagaut and Cathonnet [38], most of the 
kerosene reaction mechanisms in literature as seen from Table 2-3 and from 
Vasu et al. [76] contained more than a hundred species and a thousand 
reactions. However, some researchers [151, 175, 176] had also developed 
single component reaction mechanisms with very few reaction steps for 
kerosene combustion. Zaev et al. [175] and Wang [176] developed single 
component reaction mechanisms for pulsed detonation (15 species and 13 
reactions) and rocket (10 species and 17 reactions) engines respectively. On 
the other hand, Vandersickel et al. [151] developed a single component 
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reaction mechanism for homogeneous or semi-homogeneous engine 
combustion which consisted of 8 species and 7 reactions. Vandersickel et al.’s 
[151] mechanism was able to mimic the species concentration, two-stage 
combustion, heat-release as well as the low and high temperature ignition 
delays of a single class of distillate fuel such as kerosene. It should be noted 
that the aforementioned single component surrogates for kerosene were only 
validated for a limited range of conditions and were not built for 3D DICI 
engine simulations. Refer to Table 2-3 for more details on other prominent 
kerosene surrogates and their reaction mechanisms. 
2.7 Research gaps 
At present, the modelling of kerosene combustion in DICI engines is sorely 
lacking. As seen from above, although there were many reaction mechanisms 
proposed in literature, most of the reaction mechanisms were rather large in 
size which made them impractical to be used for 3-dimensional (3D) engine 
simulations [151]. This may be one of the possible reasons why very few 3D 
engine simulations were performed using kerosene as compared to other fuels 
like diesel [180], gasoline [181] and biofuels [182]. The simulation of 
in-cylinder kerosene combustion in DICI engines had only been done by 
Kavuri et al. [183] and Shrestha et al. [161]. Kavuri et al. [183] used a primary 
reference fuel (PRF) mechanism to simulate the combustion of gasoline, 
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kerosene and diesel by varying the proportion of iso-octane and n-heptane 
depending on the CN of each fuel used. On the other hand, Shrestha et al. 
[161] used a two component surrogate consisting of 0.6 n-dodecane/0.4 
1,2,4-trimethylbenzene by volume fraction. Although the two component 
reaction mechanism used for 3D engine simulations reasonably predicted the 
in-cylinder combustion characteristics, it had 120 species amongst 1471 
reactions [161]. Moreover, as seen from Table 2-3, most kerosene surrogate 
reaction mechanisms were validated only for their species concentration in 
premixed flat flame burners and in JSRs, with negligible focus on the 
autoignition behaviour which is important for accurately predicting the 
ignition delay in DICI engines as it will affect the subsequent in-cylinder 
combustion process and emissions formation [16]. Therefore, much work can 
still be done in order to develop more compact, robust and reliable reaction 
mechanisms for the simulation of kerosene combustion in DICI engines which 
will drastically cut down the computational time required for simulations 
[151]. 
Furthermore, as soot emissions are detrimental to both human health 
[17-21] and the environment [22-27], it is essential to study the sooting 
behaviour of kerosene when it is used in diesel engines. Moreover, soot 
emissions from military diesel engines do compromise the stealth of military 
vehicles [38]. Due to the aforementioned reasons, it is extremely desirable to 
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know kerosene’s soot formation and oxidation behaviour during diesel engine 
combustion. As seen from this chapter, there is little study done using 
numerical simulations about the in-cylinder sooting behaviour and soot 
particle evolution of kerosene in diesel engines. Therefore, more work ought 
to be done regarding the simulation of kerosene’s soot formation and 
oxidation trends as well as kerosene’s soot particle dynamics such as soot 
mass, number and size. This will enable researchers to find better ways to 
reduce soot emissions when kerosene is used in diesel engines. 
In addition, as vehicular NOx and soot emissions are of great concern these 
days [32], it is necessary to find ways to mitigate them especially when 
kerosene is used as a new alternative in diesel engines. From the above 
literature review, it can be seen that NOx emissions for kerosene combustion 
were generally higher than that of diesel [5, 37]. Moreover, even though 
kerosene combustion produced less soot as compared to diesel combustion [5, 
37], more can be done to further mitigate soot emissions. Hence, more work 
can still be done to find solutions to mitigate the shortcomings and to enhance 
the strengths of kerosene combustion. 
2.8 Summary 
A comprehensive review was carried out systematically in this chapter to 
better understand the characteristics and behaviour of kerosene in DICI 
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engines. The areas that were reviewed include the fuel properties of kerosene 
as well as the fundamental autoignition studies of kerosene in shock tube, 
RCM, FIT, IQT, CVCC and engine. Moreover, experimental studies of 
kerosene spray and combustion in CVCCs and experimental investigations of 
kerosene combustion and emissions in DICI engines were reviewed. Also, the 
development of kerosene surrogates, their chemical reaction mechanisms and 
the modelling of kerosene combustion in DICI engines were evaluated. Most 




Chapter 3 Methodology 
3.1 Numerical modelling 
In order to successfully model the combustion process and emissions 
formation in a DICI engine, one has to consider both the physical and the 
chemical processes [16] that take place within the engine cylinder. In this 
work, the established KIVA4-CHEMKIN [39, 40, 184-186] computational 
fluid dynamics (CFD) code which was developed by Los Alamos National 
Laboratory was used to simulate diesel engine combustion. 
 
Figure 3-1 An overview of the operating sequence of the KIVA4-CHEMKIN [39, 40, 
184-187] code. Reproduced from [187]. 
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It should be noted that both KIVA4 [39] and CHEMKIN II [40] are written 
in FORTRAN. KIVA4 [39] deals with the physical in-cylinder processes 
while CHEMKIN II [40] takes care of the chemical reactions and combustion. 
Moreover, by utilizing the KIVA3V [184] pre-processor, one is able to 
generate meshes for different bowl geometries. On the other hand, the 
ICEMCFD [188, 189] software is another alternative for mesh generation. 
Figure 3-1 shows an overview of the operating sequence of the 
KIVA4-CHEMKIN [39, 40, 184-187] code. For a closed-cycle diesel 
simulation, initialization of the KIVA4-CHEMKIN [39, 40, 184-186] code 
begins at the crank angle when the intake valve closes. At every crank angle 
where the temperature of any computational cell is below the user specified 
cut-off temperature, the KIVA4 [39] code will only compute the temperature, 
pressure and fluid flow evolution. However, once the temperature of any 
computational cell exceeds the cut-off temperature, KIVA4 [39] will engage 
CHEMKIN II [40] to calculate the species evolution and the heat-release 
based on the reaction mechanism that is used. At every time step above the 
cut-off temperature, KIVA4 [39] will pass the temperature and pressure in 
each respective cell to CHEMKIN II [40] which will calculate the change in 
species concentration and heat-release according to the in-cylinder ambient 
conditions. Following which, CHEMKIN II [40] will return the heat-release 
and the species concentration back to KIVA4 [39] which will calculate the 
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subsequent rise or drop in in-cylinder temperature and pressure. This process 
repeats itself till the end of the simulation. It should be noted that the KIVA4 
[39] code includes a multi-component evaporation model [190] which enables 
a multi-component fuel to be used in simulations. 
Table 3-1 shows the important numerical models and equations used in the 
KIVA4-CHEMKIN [39, 40, 184-186] code. As DICI engine simulations 
involve fuel spray, the discrete droplet model (DDM) [191], which is based on 
the Monte-Carlo approach, is used to solve the droplet distribution function at 
each time step. Subsequently, the Kelvin-Helmholtz and Rayleigh-Taylor 
(KH-RT) spray breakup model [192] is used to describe spray atomization and 
breakup which is caused by aerodynamic instabilities. This model is proven to 
be accurate in predicting spay penetration for DICI engine simulations and it is 
superior [193] as compared to the Taylor Analogy Breakup (TAB) [194] 
model. The KH component of the model takes care of the primary fuel 
atomization process within the spray breakup length while the RT component 
of the model deals with the secondary spray breakup beyond the breakup 
length. Moreover, droplet collision is dealt with by the O’Rourke model [186, 
195]. In the O’Rourke model [186, 195], probability is used in the simulation 
of droplet collision. A random number between 0 and 1 is first generated and 
compared to the collision probability 
nP . If that random number is equal to or 
more than the collision probability, collision occurs between a larger 
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“collector” droplet and smaller “droplets”. Subsequently, a second random 
number between 0 and 1 is generated for the calculation of collision impact 
parameter b. If the calculated collision impact parameter is lesser than the 
critical impact parameter, coalescence between droplets will occur. 
Furthermore, the KIVA4 [39] code also includes the Re-Normalized Group 
(RNG) k   turbulence model [186, 196, 197] to account for the changes in 
in-cylinder fluid flow field caused by fuel spray and piston movement. It 
should be noted that the conservation of energy, mass and momentum are all 
accounted for by the KIVA4 [39] code and the calculation of gas phase 
solution is through the arbitrary Lagrangian-Eulerian (ALE) approach. In 
addition, CHEMKIN II [40], which is coupled to KIVA4 [39], accounts for 
the elementary chemical reactions that occur during combustion. The speeds 
of forward and reverse reactions depend on the respective Arrhenius rates. 
Based on the initial in-cylinder ambient conditions like temperature, pressure 
and oxygen concentration, CHEMKIN II [40] calculates the resultant 
heat-released and species density for the next time step. Refer to Table 3-1 for 
details on the mathematical equations and models used in the 
KIVA4-CHEMKIN [39, 40, 184-186] code. 
Moreover, in this work, the FORTRAN SENKIN [198] code was used to 
do sensitivity analysis and ignition delay calculations in a homogeneous 
closed reactor for the development of chemical reaction mechanisms. The 
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ignition delay period calculated by SENKIN [198] is defined as the time taken 
for a 400K rise in temperature from the initial reactor temperature.
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Table 3-1 Numerical models and equations in the KIVA4-CHEMKIN [39, 40, 184-186] code. 
Equations Remarks 
Spray equations [191] 
 
 











Droplet distribution function with time/space progression 
(discrete droplet model [191]): 
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x  droplet position 
v  droplet velocity 
r  droplet radius 
dT  droplet temperature 
t  time 
y
 parameter for droplet distortion 
y  droplet oscillation velocity 
f  droplet distribution function with time/space progression 
iF  rate of change of droplet velocity 
R  rate of change of droplet radius 
dT  rate of change of droplet temperature 
y  rate of change of droplet oscillation velocity 
collf  droplet collision source term 
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buf  droplet breakup source term 
Spray breakup equations (KH-RT model [192]) 
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pr  parent droplet radius 
cr  child droplet radius 
KH breakup timescale 
KHB KH model constant 
KHC KH model constant 
KH fastest growing wave wavelength 
KH fastest growing wave growth rate 
  surface tension 
  density of droplet 
Z  Ohnesorge number 
T  Taylor number 
















































RTC RT model constant 
RT fastest growing wave growth rate 
F  travel direction acceleration 
RT wavelength 
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nN  droplet number in one parcel 
  cell volume containing “droplets” and “collectors” 
nP  collision probability given by Poisson distribution for one “collector” 
and n  “droplets” 
t  computational time step 
b collision impact parameter 
2  random number 
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sW  working rate of turbulent eddies on spray breakup source term 
Pr  Prandtl number 
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  mass density 
t  time 
u  fluid velocity 
D  Fick’s Law coefficient of diffusion  
  Dirac delta function 
a  dimensionless number 
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  stress tensor 
F  momentum gain rate per unit volume  
g  specific force on body, presumed constant 
I  specific internal energy, without chemical input energy 
J  heat flux 
k  turbulent kinetic energy 
  turbulent dissipation rate 
Q   energy source term 
m  mixture species 
c  chemistry source term 
s  spray source term 
Combustion equations (CHEMKIN II [40]) 
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M  number of chemical species 
mX  arbitrary specie m  
mi  specie m ’s stoichiometric coefficient  
'  forward 
''  reverse 
m  rate of production if specie m  
iq  reaction i ’s variable for rate of process 
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Specie m ’s density change: 
C
m m mW   
 








    
 mX  specie m ’s molar concentration 
fik  Reaction i ’s forward reaction rate constant 
rik  Reaction i ’s reverse reaction rate constant 
iA  pre-exponential factor 
i  temperature exponent 
iE  activation energy 
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3.2 Experimental engine testbed 
 
Figure 3-2 Picture of the engine testbed at the National University of Singapore. 
 




Compression ratio 18.5 
Number of cylinders 4 
Engine displacement 2494cm3 
Connecting rod length 15.85cm 
Piston bowl geometry Omega-shaped 
Aspiration type Turbocharged 
Fuel supply system Common rail direct injection 
Injector Denso 6-hole injector 
Rated engine power 75kW @ 3600rpm 
 
Figure 3-2 shows a picture of the engine testbed, done entirely by AVL, at 
the National University of Singapore and Table 3-2 shows the engine 
specifications. The details of the engine testbed’s instruments and sensors are 
given in Table 3-3. Concisely, the engine is a 4-cylinder engine with a 
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displacement of about 2.5 litres and it has a compression ratio of 18.5. This 
engine is a common rail direct injection compression ignition engine with 
turbocharging and it has a rated power of 75kW at 3600rpm. Many 
instruments and sensors are hooked up to the engine. A water-cooled passive 
dynamometer is used to measure the engine’s torque and power while the 
crank angle encoder measures its speed. Moreover, an air flow meter is used to 
measure the flow rate of air into the engine and a pressure transducer is used 
to measure the in-cylinder pressure fluctuations. Also, exhaust gas sensors 
collect data on the emissions such as CO, NO and UHC. In this work, the 
purpose of the experimental results derived from the engine experiments is for 
the validation of simulation results in subsequent chapters. 
Table 3-3 Engine testbed’s instruments and sensors. 
Instrument Remarks 
AVL Sensyflow P air flow meter To measure air flow rate 
AVL 733S.18 fuel balance To measure fuel consumption (±1%) 
AVL GH13P water-cooled pressure 
transducer 
To measure instantaneous in-cylinder 
pressure (± 0.3bar) 
AVL DP 160 water-cooled passive 
dynamometer 
To measure engine torque (±0.3%) and 
engine power 
E instrument 4400 N emissions sensor To measure exhaust emissions like CO 
(±10ppm for 0-200ppm and ±5% for 
201-2000ppm) and NO (±5ppm for 
1-100ppm and ±5% for 101-5000ppm) 
AVL Digas 2200 emission sensor To measure UHC (±10ppm) and 
calculate λ 
AVL Indicom user interface To compile all data from the sensors such 
as engine coolant temperature, engine 
speed, engine torque, air flow rate, 






In this chapter, an overview of the numerical and the experimental 
approaches are presented. The KIVA4-CHEMKIN [39, 40, 184-186] code will 
be used to simulate the in-cylinder spray, atomization, evaporation, mixing, 
combustion and emissions during DICI engine simulations. Furthermore, an 
in-house experimental engine testbed is used to carry out engine experiments 
to collect essential experimental data for simulation validation purposes.
 70 
 




Chapter 4 Development of a reduced kerosene reaction 
mechanism with embedded soot chemistry for diesel 
engines 
4.1 Introduction 
From Chapter 2, it can be seen that most kerosene surrogate mechanisms’ 
ignition delay times were not extensively validated against that of kerosene 
shock tube as well as constant volume combustion experiments. It should be 
noted that a fuel’s ignition delay will affect both the performance and 
emissions of diesel engines [16] and so extensive validation of ignition delay 
times under different conditions is important. Furthermore, as some 
mechanisms are rather huge in size as seen from Chapter 2, it is not practical 
for them to be used in engine simulations as it will consume much 
computational time. More importantly, it is extremely desirable to have a 
mechanism that can predict soot trends of kerosene in diesel engines as 
highlighted in Chapter 2. Although some mechanisms such as those from 
[150] and [154] have PAH formation reactions, the total number of reactions 
is just too big to be used for engine simulations. 
Therefore, the objective of this chapter is to develop a relatively smaller but 
comprehensive kerosene reaction mechanism for diesel engine simulations. 
The developed mechanism must be able to reasonably predict soot trends 
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during kerosene combustion. Furthermore, to keep the mechanism size small, 
kerosene will be represented by a single fuel component like in [175, 176]. 
Moreover, to ensure the reliability and robustness of the mechanism, a series 
of vigorous validations will be carried out and they are (a) shock tube ignition 
delay validation, (b) heat-release and ignition delay validation in a constant 
volume combustion chamber and (c) optical engine validation. 
4.2 Modelling methodology 
It should be noted that distillate fuels such as kerosene contain aromatic 
compounds [93] which contribute to the formation of soot. To construct a 
mechanism with soot chemistry, PAH reactions are important as PAH 
formation will eventually lead to the development of soot like in [199] and 
[180]. Thus, the starting mechanism chosen for the development of the 
kerosene reaction mechanism is a toluene reference fuels (TRFs) mechanism 
developed by Wang et al. [200], containing 109 species amongst 543 
reactions. Briefly, this mechanism comprises three fuel components, namely 
n-heptane, iso-octane and toluene. It is validated against experiments for its 
ignition delay times, laminar flame speeds, speciation data as well as engine 
in-cylinder pressures and heat-release rates. Moreover, it contains PAH 
formation reactions up to four aromatic rings (A4) which is crucial for soot 
formation. Considering the number of fuel components, PAH formation 
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reactions as well as the robustness of the mechanism, the mechanism is 
notably compact and reasonable in size. Refer to [200] for more details. 
Keeping in mind the objective of this chapter, which is to represent 
kerosene fuel using a single component, and the fact that kerosene contains 
aromatic compounds which contribute to the formation of soot during 
combustion [201], a global reaction step was selected wherein C12H24 
(kerosene) oxidizes to give an alkane and toluene like in [199]. The role of 
alkane is to replicate the negative temperature coefficient (NTC) characteristic 
of distillate fuels such as kerosene [53] while that of toluene is to contribute to 
PAH and soot formation during combustion [199]. Moreover, using a single 
fuel component to represent kerosene allows for C12H24 to take on kerosene 
thermo-physical properties in the KIVA4 fuel library [39] which is of great 
advantage when modelling kerosene spray combustion. Hence, a global 
reaction step was selected for the oxidation of C12H24. 
Beginning from the base TRF mechanism, kerosene’s species and their 
reactions are added to the base mechanism. Using diesel as an example, 
C14H28 was assumed to be oxidized by oxygen via a global reaction step to 
form n-heptane (NC7H16) and toluene (C7H8) in the ratio of 7:3 [199] (by 
considering carbon atoms) and this is as shown in Equation (4.1) below. 
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O2H +H7NC +H3C => O + H5C 2 167 8722814                            (4.1) 
Similar to the case of diesel, the chemical formula of kerosene is assumed 
to be C12H24, with the same ignition delay times as that of real kerosene 
(Jet-A/JP-8). The employment of C12H24 is not foreign as Wang [176] from 
the National Aeronautics and Space Administration (NASA) also used it to 
represent kerosene. Similar to [199], a global reaction step is considered for 
the oxidation of C12H24 and it is shown in Equation (4.2) below. 
O2HH7NCH3COH7C 22098722412                            (4.2) 
From Equation (4.2), C12H24 is oxidized to give a pseudo C9 alkane and 
toluene in the ratio of 7.5:2.5
1
. This ratio is used since kerosene has a slightly 
lower aromatic content as compared to diesel [93]. Also, this strategy of using 
a pseudo C9 alkane is partially similar to the approach used by Vandersickel et 
al. [151]. This approach is used so as to reduce the complexity and size of the 
kerosene mechanism since it is difficult and impractical to use a few 
components to match the ignition delay of kerosene as seen from [77], [150] 
and [90]. The major reactions for the pseudo C9 alkane, which were identified 
through the work of Chang et al. [202], are initially adapted from the work of 
                                                 
 
1
 As seen from Equation (4.2), 7 moles of C12H24 oxidize to give 3 moles of toluene and 7 
moles of pseudo C9 alkane. On the left hand side of the equation, there are a total of 84 carbon 
atoms while on the right hand side there are 21 carbon atoms that belong to toluene and 63 
carbon atoms that belong to the C9 alkane. Hence, in terms of carbon atoms, there is 21/84 
toluene: 63/84 C9 alkane which gives the ratio 2.5:7.5. 
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Westbrook et al. [203] and added to the base mechanism. Following which, 
the reaction rates concerning their oxidation and that of Equation (4.2) are 
adjusted such that the ignition delay times of C12H24 match that of Jet-A/JP-8 
shock tube experiments. It should be noted that the reaction rates of toluene 
reactions remained unchanged.  
Subsequently, soot formation and oxidation reactions are added into the 
mechanism. The soot formation and oxidation reactions used in this work are 
adapted from [180, 199, 204] and modified to give the correct soot trends for 
kerosene combustion in diesel engines. Soot, C(S), is assumed to be formed 
from two species, C4H2 and A4, through “graphitization processes” [205]. 
Refer to [205] for more detailed explanation. From the work of Vishwanathan 
and Reitz [206], they also assumed that the formation of C(S) comes from A4. 
The soot formation reactions are shown in Equations (4.3) and (4.4) below. 
224 H4C(S)HC                                                       (4.3)
24 5H16C(S)A                                                        (4.4) 
Moreover, oxidation of soot is assumed to occur by reacting with hydroxyl 
radicals (OH), oxygen (O2) and water (H2O) molecules [199, 204, 205]. The 
soot oxidation reactions are shown in Equations (4.5), (4.6) and (4.7) below. 
HCO OHC(S)                                                    (4.5) 
COO  2OC(S)                                                     (4.6) 
22OHC(S) HCO                                                   (4.7) 
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In this chapter, C(S) is treated as a gas phase specie like in [199] and its 
formation and oxidation are purely governed by chemical kinetics. 
The finalized mechanism in this work contains 122 species amongst 585 
reactions, with major fuel components for kerosene (C12H24), n-heptane, 
iso-octane and toluene. The thermodynamic data for the mechanism are taken 
from [200, 203, 204]. It should be noted that the lower heating value (LHV) of 
C12H24 is approximately 44MJ/kg [207] which is quite close to the actual LHV 
of kerosene which has a value of about 43MJ/kg [93]. Table 4-1 shows the 
adjusted reaction rates for the global C12H24 reaction, the pseudo C9 reactions 
as well as the soot reactions. For the sake of completeness, the C12H24 
kerosene reaction mechanism is made available under Appendix A. 
Table 4-1 Initial and adjusted reaction rates for the global C12H24 reaction, the pseudo 







7C12H24 + O2 => 3C7H8 + 7NC9H20 + 
2H2O 
[180, 199, 204] 1.00E+39 1.00E+51 
NC9H20 + OH = C9H19-4 + H2O [203] 9.400E+07 1.500E+08 
NC9H20 + O2 = C9H19-4 + HO2 [203] 4.000E+13 8.000E+15 
C9H19O2-4 = C9OOH4-5 [203] 2.000E+11 1.500E+12 
C9OOH4-5O2 = C9OOH4-5+O2 [203] 1.367E+23 4.367E+23 
C9KET4-5 = OH + NC3H7CO + 
NC4H9CHO 
[203] 1.050E+16 1.050E+17 
C4H2 = 4C(S) + H2 [180, 199, 204] 1.000E+04 1.000E+04 
A4 = 16C(S) + 5H2 [180, 199, 204] 2.000E+03 2.000E+03 
C(S) + O2 = O + CO [180, 199, 204] 3.000E+11 1.6875E+09 
C(S) + H2O = CO + H2 [180, 199, 204] 3.000E+11 4.00E+10 
C(S) + OH = CO + H [180, 199, 204] 3.000E+12 3.00E+10 
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4.3 Shock tube 0-D ignition delay validation 
As highlighted previously, the ignition delay of a fuel affects the 
performance and emissions of a diesel engine [16]. Hence, it is important to 
first validate the chemical delay of the C12H24 mechanism. Ignition delay times 
are determined using a code from [198, 208-210]. 
As there are sufficient shock tube data on Jet-A/JP-8 in literature, the 
chemical ignition delay times of C12H24 are validated against those Jet-A/JP-8 
shock tube experiments. It should be noted that Jet-A and JP-8 are extremely 
similar chemically [38, 53]. The experimental shock tube results of Dooley et 
al. [77], Wang and Oehlschlaeger [53], Zhukov et al. [80], Davidson and 
Hanson [211] as well as those of Vasu et al. [76] are utilized. The expression 
1 P  [76] is used to scale all shock tube data in this work for ease of 
comparison, where   is the shock tube ignition delay time and P  is the 
corresponding initial pressure. This expression was also used by Kim et al. 
[90] and Vasu et al. [76] for scaling purposes. Moreover, due to lack of 
experimental data for pressures above 30atm, a formula from the work of 
Zhukov et al. [80] is used to calculate the ignition delay times of Jet-A at 




Figure 4-1 Comparisons between predicted and experimental shock tube ignition delay times are shown for initial conditions of 20atm and equivalence ratios 
of (a) 0.5, (b) 1.0, (c) 1.5 and (d) 2.0. Comparisons between predicted and experimental shock tube ignition delay times for initial conditions of 1.0 
equivalence ratio and pressures of 30, 40 and 50atm are shown in (e). The experimental shock tube data are taken from the works of Dooley et al. [77], Wang 
and Oehlschlaeger [53], Zhukov et al. [80], Davidson and Hanson [211] as well as those of Vasu et al. [76]. 
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Figure 4-1 shows the shock tube validation of the newly developed C12H24 
kerosene mechanism under a wide range of temperatures, pressures and 
equivalence ratios. It is observed that the C12H24 kerosene mechanism 
performs well in predicting ignition delay times at an initial pressure of 20atm 
and at equivalence ratios of 0.5, 1.0, 1.5 and 2.0. The discrepancies between 
predicted and experimental ignition delay times are within an acceptable 
margin. Similar observation is made for an initial equivalence ratio of 1.0 and 
initial pressures of 30, 40 and 50atm. Therefore, the newly developed C12H24 
kerosene mechanism has been validated for its chemical ignition delay. 
4.4 Constant volume spray and combustion validation 
In addition to 0-D ignition delay validation, constant volume combustion 
[93] is the next step to validate the fidelity of the new C12H24 kerosene 
mechanism under diesel engine conditions. Under real diesel engine 
conditions, apart from the chemical delay of the fuel, there is also the physical 
delay whereby the fuel that is sprayed into the combustion chamber undergoes 
the physical process of mixing and evaporation before combustion can occur 
[16]. In diesel engines, spray governs the atomization of the injected fuel, 
which in turn affects the engine’s performance and emissions [44]. Factors 
such as injection pressures, injection rates as well as the number of injections 
per engine cycle will affect spray and the subsequent combustion process in 
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engines [44]. Hence, this step serves to take into consideration both the 
physical as well as chemical processes during the whole combustion period of 
kerosene under diesel engine conditions. The subsequent constant volume 
spray and combustion simulations are partially adapted from the work of 
Mohan et al. [193] and validated against the experiments of Sandia National 
Laboratory’s (SNL’s) constant volume combustion chamber (CVCC) [93]. 
Briefly, SNL’s CVCC is shaped as a cube with its sides measuring 108mm 
each. It is able to replicate diesel engine conditions by allowing for very high 
ambient temperatures and densities. Furthermore, it is made optically 
accessible by Sapphire glass, thus allowing advance optical diagnostics to 
probe and monitor the whole combustion process. Refer to [93] for more 
information on SNL’s CVCC. 
To perform constant volume spray and combustion simulations, the 
KIVA4-CHEMKIN [39, 40] code is employed.  
4.4.1 Constant volume spray validation 
Prior to carrying out constant volume combustion simulations, it is needful 
to first validate both the simulated liquid and vapor penetrations because, as 
mentioned earlier, spray and the subsequent atomization of the fuel will affect 
the combustion process [44]. The purpose of this spray validation is to ensure 
that the grid size of the mesh as well as the number of parcels per gram of fuel 
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injected are optimized to ensure that the spray penetration is accurate, as seen 
from [193]. 
In this constant volume spray validation, the work of Pickett and Hoogterp 
[86] on JP-8 combustion is employed. In view of reducing computational time, 
half-cylindrical Cartesian meshes with solid sides are used instead of 
full-cylindrical Cartesian meshes. The use of half-cylindrical meshes for 
simulations is acceptable as seen from the work of Zhang et al. [212]. Three 
half-cylindrical meshes of different mesh sizes were created using the 
KIVA3V pre-processor [184]. This is better illustrated in Figure 4-2 which 
shows the coarse, medium and fine meshes. The fine mesh has a grid size of 
just slightly over 2mm in both the radial and axial directions, which is partially 
similar to the mesh used in [213] which has a grid size of 2mm in the axial 
direction. 
 
Figure 4-2 CVCC half-cylindrical Cartesian meshes with mesh sizes of (a) fine, (b) 
medium and (c) coarse. 
 
Prior to the constant volume spray simulations using all three meshes, 
important information about the injector and experimental conditions are 
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acquired from the work of Pickett and Hoogterp [86]. The ambient condition 
for their spray experiment is at a temperature of 850K and an ambient density 
of 14.8kg/m
3
 [86]. As the injected fuel mass is unavailable, an accurate 
estimation had to be made. This is done through calculations using the 
governing equations for fuel injection from the works of Naber as well as 








                                                       (4.8) 
bffdf UACm 
.
                                                        (4.9) 
where, bU  is the exit velocity of fuel at the injector nozzle hole, fP  is the 
common rail pressure, aP  is the ambient pressure, f  is the density of fuel, 
fm
.
is the mass flow rate of fuel, dC  is the coefficient of discharge and fA  
is the hole area of the injector nozzle. It should be noted that the fuel used by 
Pickett and Hoogterp [86] is JP-8 and the experiment is performed under 21% 
O2 ambient condition [86]. However, due to the lack of thermo-physical 
properties of JP-8, Jet-A thermo-physical properties in the KIVA4  fuel 
library [39] are used instead because the properties of JP-8 and Jet-A are 
identical [52]. It is assumed for the spray simulations that dC  is 0.93 [86] and 
the density of JP-8 is also assumed to be the same as that of Jet-A at 808kg/m
3
 
from the KIVA4 fuel library [39]. Next, the ambient pressure and air 
composition are taken from [215]. Furthermore, the spray angle is assumed 
from [86] to be 15 degrees. All other important information for the spray 
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simulations are taken from [86]. It should be noted that the simulations are 
carried out only for spray without taking combustion into consideration as 
spray validation is the main focus in this section. 
The results of the spray penetration simulations are post-processed using 
VisIt [216] software and subsequently measured using ImageJ [217] software. 
It should be noted that all simulation contours are processed using the VisIt 
[216] software in this thesis. The length of the vapor penetration is measured 
from the injector nozzle hole to the point where the mass fraction of the vapor 
is 0.001 [213]. From the results in Figure 4-3, it is observed that the fine mesh 
is the best for simulating the spray of JP-8 accurately as both the simulated  
liquid and vapor penetrations are closely matching with the experimental 
results [86]. 
 
Figure 4-3 Constant volume spray validation under experimental ambient conditions 
of 850K, 14.8kg/m
3
 and 21% O2 and an injection duration of 1.0ms [86]. Comparison 
of simulated liquid and vapour penetrations (for coarse, medium and fine meshes) 
with experiment [86]. 
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This reinforces the fact that Jet-A thermo-physical properties are identical 
to that of JP-8 [52]. From Figure 4-3, it is observed that the simulated vapor 
penetration matches that of experiment up to about 1.4ms after start of 
injection (ASI). After 1.4ms ASI, it is observed that the simulated vapor 
penetration is slightly over predicting as compared to experiment. This is not 
surprising as Pickett and Hoogterp [86] highlighted that the cool flame at 
about 1.5ms to 1.6ms actually “erodes” [86] the vapor tip. Furthermore, as the 
spray simulation was carried out without combustion taking place, it is logical 
that the vapor penetration predicted after 1.4ms ASI is longer than that of the 
experimental result. Moreover, the simulated liquid penetration for the fine 
mesh is also matching fairly well with experiment as the mean simulated 
liquid penetration for the fine mesh during steady state is very close to the 
experimental result. Therefore, it can be said that the fine mesh is the best in 
predicting spray penetration. More importantly, approximately the same 
number of parcels per gram of fuel injected in the spray simulations will also 
be used in the following constant volume combustion simulations to ensure 
that accurate results can be achieved. 
4.4.2 Constant volume ignition delay validation 
The work of Pickett and Hoogterp [86] is used for the constant volume 
ignition delay validation of the C12H24 kerosene mechanism. In the 
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experiments of Pickett and Hoogterp [86], JP-8 was used in the CVCC under a 
wide range of pressures and temperatures. Due to the lack of thermo-physical 
properties for JP-8, Jet-A thermo-physical properties from the KIVA4 fuel 
library [39] are used instead. This is acceptable as JP-8 and Jet-A have 
identical thermo-physical properties [52]. For more information on the input 
parameters for the simulations, refer to [86].  
 
Figure 4-4 Comparisons between simulated and experimental ignition delay times of 





 at 21% ambient oxygen. Experimental results are from [86]. 
 
Figure 4-4 shows the simulated and experimental ignition delay times of 





 at 21% ambient oxygen were used for the experiments 
[86]. It can be seen for both ambient densities that the predicted and 
experimental results are closely matching which means that the C12H24 
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kerosene mechanism together with the thermo-physical properties from the 
KIVA4 fuel library [39] are performing well under diesel engine conditions. 
4.4.3 Constant volume heat-release rate validation 
 
Figure 4-5 Comparisons between simulated and experimental AHRRs for ambient 
conditions of (a) 900K/6.0MPa and (b) 1000K/6.7MPa. Experimental results are from 
[93]. 
 
In addition to the constant volume ignition delay validations, comparisons 
will be made for the predicted and experimental apparent heat-release rates 
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(AHRRs) for Jet-A fuel in a CVCC. The experimental results used is taken 
from the work of Kook and Pickett [93] where Jet-A fuel is sprayed into 
SNL’s CVCC at two different ambient conditions of 900K/6.0MPa and 
1000K/6.7MPa. Similar to previous constant volume ignition delay 
simulations, constant injection rates are used. Input parameters for the 
simulations are taken from [93] and [215]. 
Figure 4-5 shows the AHRRs of the simulations and the experiments for 
the two ambient conditions. To compute the simulated AHRRs, the following 





















 is the AHRR, P  is the pressure, V  is the volume and   is the 
specific heat ratio.   values for the 900K/6.0MPa and 1000K/6.7MPa cases 
are assumed to be 1.3, similar to the value used in [218]. It is observed that the 
times of initial peaks for both the simulated AHRRs are very close to that of 
their respective experiments, with a small time difference between simulated 
and experimental peaks. This confirms that the C12H24 kerosene mechanism is 
reliable for predicting kerosene heat-release under diesel engine conditions. 
From the constant volume combustion simulations, it is clearly seen that 




4.5 Optical engine validation 
The KIVA4-CHEMKIN code [39, 40] is used for engine simulations. The 
work of Yu et al. [99] on JP-8 combustion in an optical engine is used for the 
validation of the C12H24 kerosene mechanism. To the best of the authors’ 
knowledge, Yu et al.’s [99] work provided the most comprehensive set of 
engine soot data for kerosene combustion as compared to other works in 
literature. Moreover, sufficient engine information is given by Yu et al. [99] in 
order for engine simulation to be carried out. Due to lack of JP-8 
thermo-physical properties, Jet-A properties from the KIVA4 fuel library [39] 
is used instead. Also, an injection quantity of 8.3mg was assumed with a 
constant injection rate. As Yu et al. [99] highlighted that this particular optical 
engine suffers from high “blow-by losses”, a lower initial pressure was used 
so that the simulated motoring pressure at top dead center (TDC) will be 
similar to experiment. This is done as the KIVA4-CHEMKIN code [39, 40] 




Figure 4-6 (a) Engine mesh with dimensions from [218] and comparisons between 
simulated and experimental in-cylinder (b) pressures, AHRRs and (c) normalized soot 
evolutions. Engine experiments are from [99]. 
 
Figure 4-6 shows the engine mesh with dimensions from [218] as well as 
the comparisons between simulated and experimental in-cylinder pressures, 
AHRRs and normalized soot evolutions. From the comparisons, it is seen that 
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there are some differences between simulated and experimental in-cylinder 
pressures. The differences, which are within acceptable limits, are primarily 
due to the “blow-by losses” [99] of the optical engine. From Figure 4-6c, 
which shows the normalized soot trends for both simulation and experiment, it 
is observed that the simulated soot formation and oxidation follow the same 
trends as that of the experiment. The only noteworthy difference between 
simulated and experimental soot trends is the “bump” [104] observed in the 
experiment, which may be caused by the circulation of soot rising from the 
squish section of the cylinder [104]. Apart from this difference, it is seen that 
the kerosene soot trend is reasonably predicted by the newly developed C12H24 
kerosene reaction mechanism. 
Therefore, from the optical engine validations for kerosene, it can be seen 
that the newly developed C12H24 kerosene reaction mechanism is able to 
predict the soot formation and oxidation trends of kerosene. It should be noted 
that by adjusting the reaction rates of the soot formation and oxidation 
reactions, the desired soot formation and oxidation trends can be achieved in 
different DICI engines and this implies that the C12H24 kerosene reaction 




In conclusion, aligned with the fact that the use of kerosene in diesel 
engines is getting more prevalent, a reliable C12H24 kerosene reaction 
mechanism is developed. The ignition delay times of the C12H24 kerosene 
mechanism are validated with that of Jet-A/JP-8 shock tube experiments and 
reasonable agreements are seen between experiments and predictions. In 
addition to shock tube ignition delay validations, constant volume combustion 
validations are also carried out. The C12H24 kerosene mechanism is able to 
predict the ignition delay times of JP-8 in a CVCC reasonably for a wide range 
of engine-like conditions. Moreover, heat-release peaks of simulated and 
experimental Jet-A combustion in a CVCC are extremely close. Furthermore, 
the reaction mechanism is able to predict the combustion characteristics as 
well as soot formation and oxidation trends of kerosene under real engine 
conditions. In essence, the newly developed mechanism, containing 122 
species amongst 585 reactions, is suitable for modelling kerosene combustion 
in diesel engines. This C12H24 kerosene reaction mechanism is smaller than the 
2-component mechanism of Shrestha et al. [161] which has about 2.5 times the 
number of reactions. The developed C12H24 mechanism in this chapter will be 
useful to academic and industrial researchers and engineers.
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Chapter 5 Development of a robust and compact 
kerosene-diesel reaction mechanism for diesel engines 
5.1 Introduction 
Previously in Chapter 4, a C12H24 kerosene reaction mechanism was 
developed for DICI engine simulations and it contained 122 species amongst 
585 reactions. However, an even smaller and more compact reaction 
mechanism for kerosene can still be developed in order to further reduce 
computational time. This is especially important if a huge mesh with high cell 
density is used for simulations. Furthermore, it is highly desirable to develop a 
kerosene-diesel reaction mechanism for DICI engine simulations in order for 
researchers and engineers to have an alternative tool to study kerosene-diesel 
blends in diesel engines. 
Therefore, the objective of this chapter is to develop a reliable and compact 
reaction mechanism for kerosene-diesel combustion under diesel engine 
conditions, with an extra focus on the kerosene sub-mechanism. Kerosene will 
only be represented by a single component, similar to the method used in 
Chapter 4, to allow for a more compact kerosene-diesel mechanism. The 
newly developed kerosene sub-mechanism must be able to imitate the 
heat-release characteristic and ignition delay times of real kerosene. As this 
chapter only focuses on replicating the heat-release and ignition delay times of 
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real kerosene, the simulation of kerosene’s soot formation and oxidation 
trends will be included in Chapter 6. To ensure the fidelity of this new 
mechanism, especially for the kerosene sub-mechanism, a systematic 
validation will be performed: (a) 0-D shock tube ignition delay validation and 
(b) 3-D constant volume heat-release rate, OH profile and ignition delay 
validation. 
5.2 Chemical modelling 
In order to develop a kerosene-diesel reaction mechanism, a suitable 
reaction mechanism representing diesel has to be first selected. The diesel 
chemistry is usually represented simply by n-heptane and there are numerous 
reaction mechanisms available in literature for n-heptane, both skeletal [219] 
and detailed [220]. However, the diesel chemistry can also be represented by 
other alkanes. Recently, a highly reduced n-decane reaction mechanism 
developed by Chang et al. [202] was used to represent diesel. This particular 
n-decane reaction mechanism was chosen over other mechanisms to represent 
diesel because of a few reasons. Firstly, this n-decane reaction mechanism is 
reasonably compact, with only 40 species amongst 141 reactions [202]. 
Secondly, this mechanism contains a detailed C1/H2/CO chemistry with a 
skeletal C2-C3 mechanism [202]. As highlighted by Chang et al. [202], the 
detailed C1/H2/CO chemistry is important in allowing the n-decane mechanism 
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to accurately reproduce heat-release, laminar flame speeds, small species 
concentrations as well as ignition delay, while the skeletal C2-C3 mechanism 
allows for a more compact mechanism. This strategy of including a detailed 
C1/H2/CO chemistry with a skeletal C2-C3 mechanism, coupled to a few C10 
reactions, allows the mechanism to replicate accurately the chemical 
characteristics of n-decane while simultaneously reducing the overall 
mechanism size [202]. The balance between mechanism size and accuracy is 
rather distinctive to Chang et al.’s [202] n-decane mechanism. Thirdly, from 
the works of Westbrook et al. [203] and Shen et al. [221], it was observed that 
the ignition delay times as well as reactivity of n-heptane right up to 
n-hexadecane are very similar. Since n-decane’s chemical ignition delay times 
are also extremely similar to that of n-heptane, n-decane can be used as a 
substitute for diesel. Lastly, as highlighted by Chang et al [202], this n-decane 
mechanism was developed using the decoupling methodology which allows 
for a just few C10-related reactions to dictate its ignition delay, but without 
having to adjust any reaction rates in the detailed C1/H2/CO chemistry. This is 
a major advantage as additional sub-mechanisms can easily be added to this 
n-decane base mechanism using the same decoupling methodology of Chang 




After the selection of a suitable base mechanism for diesel, Chang et al.’s 
[202] decoupling methodology was applied to incorporate the kerosene 
sub-mechanism. From the work of Dooley et al. [56], they used four 
constrains to choose the right chemical components for Jet-A surrogate, which 
are the average molecular weight (MW), hydrogen-to-carbon (H/C) ratio, 
derived cetane number (DCN) and threshold sooting index (TSI). DCN was 
included to ensure that the Jet-A surrogate and real Jet-A have similar ignition 
delay times. More recently, Kim et al. [90] also developed Jet-A surrogates 
using eight constrains. Three of the eight constraints are chemical in nature 
and they are CN, H/C ratio and lower heating value (LHV). At this juncture, it 
is interesting to note that the constraints chosen by Dooley et al. [56] and Kim 
et al. [90] to imitate gaseous Jet-A combustion are similar.  Like those 
constraints proposed by Dooley et al. [56] and Kim et al. [90] for kerosene 
fuels, two of their constraints are used for the formulation of the current 
kerosene sub-mechanism. The first constraint is that the LHV of the surrogate 
fuel must be similar to that of real kerosene and the second is that the ignition 
delay times of real kerosene fuel must be successfully reproduced by using the 
surrogate fuel as the performance and emissions of diesel engines are very 
sensitive to the ignition delay times of the fuel being used [16]. 
In order to overcome many of the aforementioned difficulties in developing 
a reliable and compact kerosene sub-mechanism for diesel engine simulations, 
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a single pseudo fuel component was introduced to represent kerosene in the 
sub-mechanism. Employing this approach is of great advantage as it will allow 
a single representative fuel component to mimic both the ignition delay times 
as well as heat release characteristics of a complex class of fuel while 
simultaneously allowing for a small sub-mechanism size. This approach is 
somewhat similar to the global reaction mechanism strategy used by 
Vandesickel et al. [151], in which one representative fuel component was also 
used to represent a class of fuel such as kerosene. The major advantage of this 
approach is the small mechanism size, with only 7 reactions and 8 species 
[151]. Chen et al.’s [199] approach is also similar to that of Vandersickel et al. 
[151], in which one fuel component was assumed to represent diesel in the 
reaction mechanism. Thus, the approach being employed in this current work 
calls for both the decoupling approach proposed by Chang et al. [202] as well 
as the single representative fuel component strategy by Vandesickel et al. 
[151] and Chen et al. [199]. This new hybrid approach has its advantages 
because the decoupling methodology enables the kerosene sub-mechanism to 
be small, yet being able to preserve a detailed C1/H2/CO chemistry and 
simultaneously allows the sub-mechanism to mimic the combustion of a 
complex class of fuel. This new approach will now be termed as the 
pseudo-surrogate decoupling (PSD) approach. 
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Using the PSD approach, the representative component for kerosene in the 
sub-mechanism is assumed to be a pseudo C10 compound. A pseudo C10 
alkane was assumed as a kerosene surrogate because an average kerosene 
molecule has about 10 to 12 carbon atoms [38]. Representing kerosene using 
an alkane is acceptable, just as how diesel combustion is represented simply 
by n-heptane chemistry such as in [222]. Since a pseudo C10 alkane was 
chosen as a representative for kerosene, it is assumed in this work that it has 
the same LHV, but different ignition delay times, as n-decane. It is noted that 
n-decane has a LHV of approximately 44.24 MJ/kg [223] while kerosene 
Jet-A has an approximate LHV of 43.2 MJ/kg [93]. This is a reasonable 
assumption as the difference in their LHVs is small. All thermodynamic 
properties and reactions for the kerosene sub-mechanism are adapted from the 
work of Chang et al. [202]. It should be noted that kerosene Jet-A/JP-8 will be 
primarily used for subsequent validations of the kerosene sub-mechanism due 
to the abundant availability of Jet-A/JP-8 data. For easier understanding of 
subsequent sections, Figure 5-1 shows the major reaction pathways of the 
n-decane and kerosene sub-mechanisms, together with their species and 
reactions. It should be noted that the reactions, species and their names, as 




Figure 5-1 Major reaction pathways for the newly developed kerosene-diesel reaction 
mechanism. [202, 203, 224] are acknowledged. 
 
 
Figure 5-2 Strategy for the formulation of the kerosene sub-mechanism. 
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A sequence of steps is used for the formulation of the kerosene 
sub-mechanism as illustrated in Figure 5-2. Reactions and species describing 
kerosene oxidation were first added to the base mechanism. It is assumed that 
the representative pseudo kerosene C10 alkane (termed “KERO” from here on) 
undergoes similar high and low temperature oxidation, isomerization as well 
as decomposition processes [203] as that of actual n-decane and hence, the 
reactions and their rates for the kerosene sub-mechanism was first adapted 
from [202]. As real kerosene contains hundreds of compounds [77], it is not 
practical to include all of them and their reactions in the reaction mechanism 
due to size constraint. Certain chemical components, which are present in real 
kerosene, such as aromatics and cycloalkanes [56] and their respective 
reactions, are excluded from the mechanism. To allow the kerosene 
sub-mechanism to replicate kerosene combustion, only essential species and 
reactions are incorporated. At first, the pre-exponential (A) factor of the 
kerosene reactions were adjusted to match the ignition delay times of 
Jet-A/JP-8 shock tube experiments. However, to better match the ignition 
delay times under such a wide range of conditions for Jet-A/JP-8, especially in 
the region of high equivalence ratios and high temperatures, one of the 
existing reactions in the kerosene sub-mechanism was replaced by KR4 (
H*KERO→KERO ). This reaction was adapted from the work of 
Westbrook et al. [203] as it was classified as a high temperature single 
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molecular decomposition reaction. This means that the reaction governs the 
decomposition of alkanes under high temperatures and equivalence ratios. 
Subsequently, the reaction rates for the kerosene sub-mechanism were again 
readjusted as the addition of KR4 affects the overall ignition delay times. It 
was confirmed that KR4 is crucial in improving the ignition delay times at 
regions of high equivalence ratios and temperatures. The reaction rate 
adjustments for the kerosene sub-mechanism are shown in Table 5-1. 
Table 5-1 Adjusted A factors for kerosene sub-mechanism. 






























































































[202] 3.16E+13 5.16E+11 
 
It should be noted that the high A factors are a result of reaction rate 
adjustments. Due to using Chang et al.’s [202] decoupling methodology, the 
reaction rates of the kerosene sub-mechanism have been adjusted substantially 
in order to match the experimental Jet-A/JP-8 shock tube results. In Chang et 
al.’s [202] work on the n-decane mechanism, they have also highlighted that 
the adjusted reaction rates are quite different from original reaction rates 
because of the need to match n-decane experimental shock tube data. 
However, it is worthy to note that the decoupling methodology has produced 
reliable results as seen in [202, 225]. 
The robustness of the final kerosene-diesel mechanism which contains only 
48 species amongst 152 reactions, inclusive of an oxides of nitrogen (NOx) 
mechanism originally from Chang et al. [202], will be established in the 
coming sections through a series of vigorous validations. These validations 
will ensure that the kerosene sub-mechanism is reliable in reproducing the 
heat-release characteristics and ignition delay times of real kerosene. 
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5.3 0-D Ignition delay validation 
0-D ignition delay validations from 700K to 1400K will be carried out for 
the newly developed kerosene-diesel reaction mechanism. 
5.3.1 0-D Ignition delay validation for kerosene sub-mechanism 
The kerosene sub-mechanism is validated extensively with shock tube 
experimental results available from the literature. A substantial amount of 
shock tube experiments were carried out for both Jet-A as well as JP-8 by 
many researchers such as Vasu et al. [76], Davidson and Hanson [211], 
Zhukov et al. [80], Wang and Oehlschlaeger [53] and Dooley et al. [77]. The 
ignition delay times of the kerosene sub-mechanism are validated against these 
shock tube results of Jet-A and JP-8. Wang and Oehlschlaeger [53] have 
shown in their work that the ignition delay times of Jet-A doped with JP-8 
additives are indeed almost identical with that of pure Jet-A. Because of the 
extreme similarity in ignition delay times between Jet-A with and without JP-8 
additives, it is reasonable to compare the kerosene sub-mechanism’s ignition 
delay times to that of Jet-A as well as JP-8. The correlation 1 P , where 
  and P are the ignition delay time and the initial pressure respectively, which 
was also used by Vasu et al. [76] and Kim et al. [90], is used here to scale all 





Figure 5-3 Ignition delay times validation for the new kerosene sub-mechanism with Jet-A/JP-8 experimental shock tube results (from Vasu et al. [76], 
Davidson and Hanson [211], Zhukov et al. [80], Wang and Oehlschlaeger [53] and Dooley et al. [77]) for initial shock tube conditions of (a) 20atm/0.5 




Validation of ignition delay times are done starting with initial shock tube 
conditions of 20atm and 1.0 equivalence ratio. As observed from Figure 5-3b, 
the predicted ignition delay times of the kerosene sub-mechanism at initial 
shock tube conditions of 20atm and 1.0 equivalence ratio generally agree well 
with experimental results. The validation of ignition delay times is also 
extended to other conditions. It is done for initial shock tube conditions of 
20atm and at equivalence ratios of 0.5, 1.5 and 2.0. As seen from Figure 5-3a, 
c and d, the predicted and experimental results are closely matching in general. 
Moreover, validation is also done for initial shock tube conditions of 1.0 
equivalence ratio and at pressures of 30atm, 40atm and 50atm. For this 
validation, Zhukov et al.’s [80] experimentally determined equation is used to 
calculate the ignition delay times for a temperature range of 1000K to 1400K 
and for pressures of 30atm, 40atm and 50atm due to a lack of experimental 
data at these elevated pressures and temperatures. Refer to [80] for more 
details. In general, from Figure 5-3e, the kerosene sub-mechanism’s predicted 
ignition delay times were reasonably validated at these elevated pressures and 
temperatures. Furthermore, at these elevated pressures and temperatures, the 
predicted ignition delay times of the kerosene sub-mechanism are fairly close 
to the results of Vasu et al. [76].  
Hence, it can be seen that the predicted ignition delay times of the kerosene 
sub-mechanism have been reasonably validated under an extensive range of 
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conditions. This has proven that the PSD approach, using only one pseudo fuel 
component, is sufficient in reproducing the ignition delay of distillate fuels. 
5.3.2 0-D Ignition delay comparison for different kerosene mechanisms 
This new kerosene sub-mechanism’s predicted ignition delay times are 
compared with those of other existing mechanisms. From Figure 5-4, under 
initial shock tube conditions of 20atm and 1.0 equivalence ratio, it can be seen 
that the new sub-mechanism’s predicted ignition delay times have an overall 
reasonable agreement with experimental results. 
 
Figure 5-4 Comparison of ignition delay times of Jet-A/JP-8 experimental shock tube 
results (from Vasu et al. [76], Davidson and Hanson [211], Zhukov et al. [80], Wang 
and Oehlschlaeger [53] and Dooley et al. [77]) and that of available Jet-A surrogate 
mechanisms (from and Dooley et al. [77], Malewicki et al. [150] and Kim et al. [90]) 
together with the new kerosene sub-mechanism and the previously developed C12H24 




5.3.3 0-D Ignition delay validation for n-decane sub-mechanism 
 
Figure 5-5 Ignition delay times validation for n-decane sub-mechanism in the new 
kerosene-diesel mechanism with Chang et al.’s [202] n-decane mechanism for initial 
shock tube conditions of 13/50/80atm and equivalence ratios of 0.5/1.0/2.0 [202]. 
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The n-decane sub-mechanism’s predicted ignition delay times are validated 
for three equivalence ratios of 0.5, 1.0 and 2.0 and at elevated pressures of 
13atm, 50atm and 80atm [202] by comparing it to that of the original n-decane 
mechanism of Chang et al. [202]. This is sufficient because Chang et al.’s 
[202] original n-decane mechanism’s predicted ignition delay times had 
already been extensively validated against a wide range of shock tube 
experiments. Not surprisingly, as observed from Figure 5-5, there is no 
difference between the predicted ignition delay times of the n-decane 
sub-mechanism and Chang et al.’s [202] original n-decane mechanism. 
5.4 Constant volume combustion validation 
The experimental results used in this section for the constant volume 
combustion validations are taken from SNL’s CVCC experiments [93]. Prior 
to the constant volume combustion simulations, important information such as 
the injector specifications and experimental conditions are taken from the 
studies of Kook and Pickett [93] and SNL’s website [215]. As the injected fuel 
mass amounts are unavailable, accurate estimations had to be made. This is 
done by using Equations (4.8) and (4.9) as shown in Chapter 4. By assuming 
the same coefficient of discharge of 0.89 [215] for the nozzle used in [93], for 
both Jet-A and another jet fuel surrogate from [93], under similar injection 
pressures of 150MPa [93], the injected mass of fuel are calculated. The density 
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of Jet-A used in the calculations is assumed to be 808kg/m
3
, which is the same 
value used in the KIVA4 fuel library [39]. CVCC validations for Jet-A are 
done for two ambient conditions which are at 900K and 1000K, with pressures 
of 6.0MPa and 6.7MPa respectively [93]. In the simulations, a square injection 
profile is assumed [214]. Next, the thermo-physical properties of Jet-A from 
the KIVA4 fuel library [39] are used in the simulations. Furthermore, a spray 
angle of 21 degrees is used [54]. 
Hence, the AHRRs obtained using the fine mesh are compared to that of 
the experimental results, which are taken from the works of Kook and Pickett 
[93], for both conditions. Figure 5-6 shows the comparison between the 
experimental [93] and the simulated AHRRs. It can be seen that the simulated 
results are rather close to that of the experimental results for both conditions as 
their first AHRR peaks are quite close, with just a difference of about 0.407ms 
and 0.411ms for the 900K and 1000K conditions respectively. Moreover, the 
starting trends for both experiments and simulations are similar in that their 




Figure 5-6 Comparison of simulated AHRRs using fine mesh with that of SNL’s 
CVCC experiments [93] at (a) 900K/6.0MPa and (b) 1000K/6.7MPa. 
 
Furthermore, from Figure 5-7, it can be seen that under both ambient 
conditions, the simulated results are comparable to the experimental [93] 
results. It should be noted, at this point, that the VisIt [216] software is used to 
generate the simulated images in Figure 5-7. Also, the simulated images in 
Figure 5-7 are taken from the mid-plane of the fine mesh. It can be observed 
that the OH profiles for both the simulation and experimental results are quite 
similar. More importantly, it is observed that the simulated flame lift-off 
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lengths (FLOLs) are also reasonably matching with that of the experimental 
FLOLs under both ambient conditions. It should be noted that the time frames 
chosen in Figure 5-7 are similar to those used in [92]. Next, from the work of 
Pickett et al. [226], it can be seen that FLOL is also affected by the chemistry 
of the fuel itself because FLOL generally lengthens with an increase in 
ignition delay times of a fuel. Another work by Kook and Pickett [93] also 
spots the same general trend. Moreover, Donkerbroek et al. [227] have 
highlighted that FLOL is very much dictated by the fuel chemistry. Therefore, 
it can be established that under the 900K/6.0MPa and 1000K/6.7MPa ambient 
conditions for both experiments and simulations, the fuel chemistry is crucial 
in governing the FLOL. It can be clearly seen from the simulation results that 
the chemistry of the newly developed kerosene sub-mechanism is robust 
enough to replicate kerosene combustion under diesel engine conditions 
because the simulated FLOLs are similar to that of experiments. Moreover, it 
is observed that the fine half-cylindrical mesh is the best candidate for both 




Figure 5-7 Comparison of OH profiles between experiments [93] and simulations for 
conditions of 1000K/6.7bar and 900K/6.0bar in a CVCC. Time frames chosen are 
similar to those used in [92]. It should be noted that the length scales for both 




Figure 5-8 Constant volume ignition delay simulation and JP-8 experimental results 
from [86], under 21% ambient oxygen. Refer to [86] for more details. 
 
Although the kerosene sub-mechanism was validated primarily with Jet-A 
data, further constant volume ignition delay comparisons are made with JP-8 
experiments from [86]. This is a reasonable comparison because JP-8 is 
extremely similar to Jet-A in terms of its chemical properties and physical 
characteristics [89]. Figure 5-8 shows the ignition delay times of the simulated 
results and JP-8 experiments in a CVCC. It should be noted that for the 
simulations, Jet-A thermo-physical properties from the KIVA4 fuel library 
[39] was used and the injection duration was assumed from [215] to be 4ms. 
Furthermore, Equations (4.8) and (4.9) from Chapter 4 are used to do the 
necessary calculations needed for the simulations. For more experimental 
details, refer to [86]. It can be observed from Figure 5-8 that under both high 
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and low ambient densities, for a wide range of temperatures, the ignition delay 
times for both simulation and experimental results are rather similar. This 
comparison proves that the developed kerosene sub-mechanism in this work is 
reasonably well suited to be used for diesel engine simulations. 
5.5 Summary 
In summary, a highly compact and reliable kerosene-diesel reaction 
mechanism containing only 48 species and 152 reactions was developed using 
a PSD approach for diesel engine simulations. This new kerosene-diesel 
reaction mechanism underwent a series of vigorous validations. Firstly, the 
ignition delay times of the kerosene sub-mechanism were extensively 
validated with that of shock tube experiments. Overall, the ignition delay 
times of the sub-mechanism were reasonably validated under a wide range of 
conditions. Secondly, the kerosene sub-mechanism was used for CVCC 
validations. Through the CVCC validations, it is observed that the simulated 
AHRRs, FLOLs and ignition delay times are comparable to that of 
experiments, which means that the chemistry of the new kerosene 
sub-mechanism is suitable to describe kerosene combustion under diesel 
engine conditions. In essence, it can be concluded that this new 
kerosene-diesel mechanism is robust and compact enough to be used for diesel 
engine simulations and it will be useful for the research community.
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Chapter 6 Effects of injection rate-shapes and bowl 
geometries on the combustion characteristics and 
emissions formation of a kerosene-diesel fueled diesel 
engine 
6.1 Introduction 
Researchers have been devising various methods to reduce engine 
emissions. One way is via exhaust aftertreatment devices such as diesel 
particulate filter (DPF) [228] and selective catalytic reduction (SCR) [229] to 
reduce soot and oxides of nitrogen (NOx) emissions respectively. Another 
alternative method is by using environmentally friendly fuels such as biodiesels 
[230] and alcohols [231-235], which are carbon-neutral, renewable and 
sustainable energy sources. The third method is by controlling the combustion 
process to curb emissions. It is well-known that high local in-cylinder 
temperature produces large amounts of NOx while high equivalence ratios will 
result in more carbon monoxide (CO) and soot emissions [236]. From the 
literature review done in Chapter 2, it can be seen that kerosene fueled diesel 
engines operating under high load conditions generate higher amounts of NOx 
emissions as compared to diesel fueled diesel engines. However, one promising 
method to achieve lower NOx emissions without having to make too much 
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modifications to existing conventional diesel engines is by using injection 
rate-shaping [44, 237]. This is possible because by injecting less fuel during the 
initial part of the injection period, it will result in lower peak heat-release during 
the premixed combustion phase. To the best of the author’s knowledge and from 
[44], injection rate-shaping in kerosene fueled diesel engines is unexplored. 
This may be due to the fact that highly defined injection rate-shapes are made 
possible only with advancements in diesel injector technology in recent years as 
seen from [238]. In the past, attempts had been made for mechanical injectors to 
achieve different rate-shapes by altering the cam contour [44]. However, this 
meant that effective rate-shaping can only be achieved at certain engine 
operating conditions. The current generation diesel injectors are 
solenoid-driven [239] and are controlled by onboard vehicle electronics. This 
type of injectors allows for more flexibility during fuel injection such as 
permitting multiple injections. Injection rate-shaping using a solenoid injector 
is made possible by positioning injection signals close to one another such that 
two or more individual injections merge to give different rate-shapes [239]. 
This, however, does not give the desired rate-shapes. In recent years, the latest 
generation diesel injectors are piezoelectric injectors whereby the needle lift is 
controlled by a piezo-stack [240]. This latest innovation has allowed needle 
response time to be extremely fast [241]. This means that highly defined 




Some work done over the recent years have shown the results of injection 
rate-shaping on engine combustion. Juneja et al. [213] from the University of 
Wisconsin-Madison had shown through numerical simulations that injection 
rate-shaping significantly affected both liquid and vapor penetrations, which in 
turn affected the subsequent combustion process and emissions formation. 
From their work concerning triangular rate-shapes, it was seen that higher 
initial injection velocity caused good atomization and air entrainment of fuel 
spray, and this caused the location of the first ignition to be furthest from the 
injector nozzle, and hence the subsequent flame lift-off length (FLOL) was the 
longest as compared to the case with lower initial injection velocity. 
Consequently, with high injection velocity, soot formation was low and NOx 
formation was increased. Apart from studying the effects of triangular injection 
rate-shapes, Desantes et al. [242, 243] investigated the effects of boot-type 
rate-shapes on engine performance and emissions. From their two-part study, 
they concluded that long boot length and low boot pressure decreased NOx 
emissions but increased brake specific fuel consumption (BSFC) and soot 
emissions. Moreover, they discovered that boot-type rate-shapes caused 
substantial change to the diffusion combustion regime as compared to the 
premixed combustion regime. In addition to just using pure injection rate-shape 
strategies, Ghaffarpour et al. [244] had shown that NOx reduction could be as 
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high as 50% under certain engine operating conditions, when an intercooler was 
used in conjunction with injection rate-shape strategies. Furthermore, Shuai et 
al. [237] investigated via numerical simulations the effects of both injection 
timing and rate-shaping on the performance and emissions in a CI engine. They 
found that CO, unburnt hydrocarbon (UHC) and soot emissions could be 
effectively cut down by employing rectangular-type and boot-type rate-shapes 
compared to other types of rate-shapes. Also, from a recent review paper by 
Mohan et al. [44], it was generally seen that injection rate-shaping was able to 
lessen NOx emissions with the compromise of BSFC and soot emissions. 
Recently, a notable work by Macian et al. [240] had proven that piezoelectric 
injectors were capable of producing highly defined injection rate-shapes such as 
boot-type and ramp-type injection profiles. They highlighted from their 
experiment that rate-shaping was able to control the amount of fuel burnt during 
the premixed combustion phase, which in turn affected NOx production and 
engine noise. Moreover, it was noticed from their work that rate-shaping 
affected the location of ignition from the injector nozzle and this agreed with the 
findings of Juneja et al. [213]. Furthermore, through numerical simulations, 
Mohan et al. [245] established that high boot pressure and long boot length were 
capable of bringing about soot and NOx trade-off for a biodiesel fueled direct 
injection CI engine. Lately, d’Ambrosio and Ferrari [239] experimentally 
examined the consequences of injection rate-shaping using solenoid injectors. 
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By placing two injection signals very close to one another, a crude injection 
rate-shape was achieved. From their experiment, they concluded that injection 
rate-shaping was able to reduce engine noise with a compromise of both BSFC 
and soot emissions. 
6.2 Chapter objective 
From the aforementioned works, it can be seen that injection rate-shaping 
is practically viable due to the introduction of piezo-stack in injectors. By 
employing injection rate-shaping strategies in DICI engines, there is a 
possibility of reducing NOx emissions for kerosene fueled diesel engines 
running at high loads. To the best of the author’s knowledge, no investigation 
has been done on the effects of injection rate-shaping on a kerosene fueled DICI 
engine. Injection rate-shaping investigations in diesel engines were only carried 
out using higher viscosity and higher Cetane number (CN) fuels such as diesel 
and biodiesel [44, 245]. Therefore, due to the aforementioned reasons, it is of 
great interest in this chapter to investigate in detail the combustion and 
emissions behavior of a DICI engine subjected to a combination of injection 
rate-shaping and the use of lower viscosity and lower CN kerosene fuel. One 
should note that kerosene has a lower CN and is comparatively less viscous as 
compared to diesel as seen from Table 2-1. 
This chapter will be divided into two major sections, namely Part A and 
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Part B, each with their respective specific objectives. The respective objectives 
of Part A and Part B are elaborated below. 
 Part A) The combined effects of different ramp injection rate-shapes 
together with different piston bowl geometries on the combustion 
characteristics in a DICI engine has never been done before. 
Furthermore, from literature [246-256], most parametric investigations 
done regarding piston bowl geometries were primarily focused on 
optimizing the piston bowl geometry together with the use of different 
swirl ratios. Therefore, the objective of this work is to investigate the 
combustion characteristics of kerosene-diesel blends using different 
bowl geometries together with varying ramp injection rate-shapes in a 
DICI engine. In this work, three different combustion bowl geometries 
together with different ramp injection rate-shapes will be employed. 
 Part B) No detailed analysis was done regarding the effects of boot 
injection rate-shapes on the trends of engine in-cylinder soot particle 
dynamics such as soot mass density, soot particle size and number 
distribution. Hence, the objective of this work is to improve on the 
kerosene-diesel reaction mechanism developed in Chapter 5 to include 
soot formation/oxidation in order to investigate through numerical 
simulations the effects of boot injection rate-shapes on the combustion 
process and emissions formation of a DICI engine fueled with lower 
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viscosity and lower CN kerosene and its blends with diesel. The trends 
of engine in-cylinder soot particle dynamics will be looked into in this 
work. 
The overall objectives of Part A and Part B are to have a deeper 
understanding of kerosene combustion and emissions behaviour when it is 
used in conjunction with injection rate-shapes, to investigate the potential of 
kerosene in reducing emissions when used together with injection rate-shapes 
in a DICI engine and to proof the robustness of the kerosene-diesel reaction 




6.3 Part A: Investigation methodology 
In order to study the combined effects of different piston bowl geometries 
with different ramp injection rate-shapes, a total of three combustion bowl 
geometries will be used together with six different ramp injection rate-shapes. 
The base case piston bowl geometry used is the omega combustion chamber 
(OCC) from [180, 252], while two other additional piston bowl geometries 
that will be used are the shallow-depth combustion chamber (SCC) from [252] 
and the shallow-depth re-entrant combustion chamber (SRCC). It should be 
noted that this particular SRCC geometry is newly proposed in this work and 
the SRCC mesh is constructed using the KIVA3V pre-processor [184]. 
 
Figure 6-1 The three combustion chambers are the (a) omega combustion chamber 
(OCC) from [180, 252], the (b) shallow-depth combustion chamber (SCC) from [252] 
and the (c) shallow-depth re-entrant combustion chamber (SRCC) are shown in this 
manner for ease of comparison. 
 
Figure 6-1 shows all three combustion chambers for ease of comparison. 
The six different ramp injection rate-shapes are shown in Figure 6-2b. For 
ease of subsequent explanations, Figure 6-2a shows the definition of a 




Figure 6-2 (a) The definition of a ramp-shaped injection used in this work and (b) the 
six different ramp injection rate-shapes. 
 
The six different ramp injection rate-shapes are labelled from RS1 through 
to RS6, with RS0 being the base case injection profile. Table 6-1 gives a more 
detailed description of RS0 to RS6. It should be noted that the area under the 
graphs of RS0 to RS6 are kept the same like in [213]. Furthermore for this 
work, three blends of fuels which are pure diesel, kerosene-diesel and pure 
kerosene will be used. 
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Table 6-1 Detailed description of RS0 to RS6. 
Injection profile* Description 
RS0 Constant injection rate (base case). 
RS1, RS2, RS3, RS4 
These four rate-shapes have the same maximum injection 
velocity with varying durations of main injection. Their 
initial ramp injection velocities are different in order to keep 
the area under the graphs the same. 
RS5, RS2, RS6 
These three rate-shapes have the same initial ramp injection 
velocity with different maximum injection velocities. The 
area under their graphs is kept the same. 
*Note: It should be noted that the area under the graphs of RS0 to RS6 are 
kept the same like in [213]. 
 
Table 6-2 Details of the simulation cases in this study together with the annotations 
used in this work. 
Combustion chamber 
geometries 
Kerosene to diesel mass 
fractions used in simulations* 
Injection rate-shapes 





Pure kerosene (0), 
50% kerosene/50% diesel (50), 
Pure diesel (100) 
RS0, RS1, RS2, RS3, 
RS4, RS5, RS6 
*Note: In subsequent figures in this work, “0” represents pure kerosene while “50” 
and “100” represent 50% kerosene/50% diesel and pure diesel respectively. 
 
Table 6-2 shows the details of the simulation cases in this study together 
with the annotations used in this work. It should be noted that the energy input 
of the injected fuel, the initial in-cylinder pressure and temperature, the start of 
injection (SOI), the engine speed and the duration of injection (DOI) are kept 
constant for all simulations. More importantly, the compression ratios for all 
three piston bowl geometries are kept the same like in [257]. The respective 
thermo-physical properties of kerosene (represented by Jet-A properties) and 
diesel (represented by C14H28 properties) from the KIVA4 fuel library [39] are 
used. For ease of explanation in the subsequent sections, Table 2-1 shows the 
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thermo-physical properties of kerosene and diesel. It should also be noted that 
the base case engine simulation parameters are kept the same as those of the 
experiment such as the injection duration and quantity. 
6.4 Part A: Base case engine validation 
It is important that the KIVA4-CHEMKIN [39, 40] code predicts the 
combustion process well in an engine. For ease of subsequent explanations, 
Figure 6-3 shows the comparisons between simulated and experimental 
in-cylinder pressures, heat-release rates and emissions for the pure diesel base 
case. Refer to Chapter 3 for more details on the engine testbed. 
 
Figure 6-3 This figure shows the comparisons between simulated and experimental 
in-cylinder pressures, heat-release rates and emissions for the pure diesel base case. 
 
It should be noted that the pure diesel base case experiment was carried out 
at 2400rpm under 100% load conditions, with the SOI at -3.5° after top dead 
center (ATDC). From the comparison between the simulated and experimental 
results, it can be seen that the combustion phenomenon is reasonably predicted 
by the KIVA4-CHEMKIN [39, 40] code. The simulated and experimental 
in-cylinder pressures and apparent heat-release rates (AHRRs) are rather 
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similar. Moreover, the simulated emissions are also reasonably matching with 
that of experimental results. 
6.5 Part A: Results and discussion 
6.5.1 Velocity vector and turbulence kinetic energy analysis 
Prior to analyzing the engine performance and emissions related to the use 
of different combustion bowl geometries with varying ramp injection 
rate-shapes, it is needful to first have a closer look at the respective velocity 
vector fields as well as the turbulence kinetic energies (TKEs) for all the bowl 
geometries. Figure 6-4 shows the TKEs and the velocity vector fields for the 
OCC, SCC and SRCC geometries under an engine speed of 2400rpm at top 
dead center (TDC). It should be noted that the throat length [257], as shown in 
Figure 6-4, affects the magnitude of velocity vectors within the combustion 
bowl. 
 
Figure 6-4 The TKEs and the velocity vector fields for the OCC, SCC and SRCC 




The TKE of the SRCC geometry is the greatest while that of SCC is the 
lowest even though the compression ratios are the same for all bowl geometries. 
With the shortest throat length as in the case of SRCC, the magnitude of 
velocity vectors is the highest due to the conservation of momentum [255] 
whereby the air within the cylinder is squeezed through a narrow channel into 
the combustion bowl. This generates a lot of turbulence. Conversely, the SCC 
geometry which has the longest throat length gives the lowest TKE as can be 
inferred from its velocity vectors. Furthermore, the shape of the bowl dictates 
the location of greatest turbulence. The SRCC geometry gave the strongest 
TKE near the center of the bowl as well as along the perimeter of the bowl itself. 
On the other hand, for the OCC geometry, the TKE is the strongest at the 
narrowest entrance of the bowl. For the case of the SCC geometry, the velocity 
vectors are distributed more on the outer radii of the combustion bowl. 
6.5.2 Engine in-cylinder pressures and apparent heat-release rates 
Due to the complexity of this parametric study, the effects of bowl 
geometry, injection rate-shape and fuel used will be systematically discussed. 
For the ease of subsequent explanations, it should be noted that conventional 
diesel combustion consists of four main phases which are the ignition delay 
period, premixed combustion phase, mixing-controlled combustion phase and 
the late combustion phase as defined by Heywood [16]. Figure 6-5 shows the 
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in-cylinder pressures and apparent heat-release rates (AHRRs) for the OCC, 
SCC and SRCC geometries with pure diesel, kerosene-diesel and pure kerosene 
fuels, using an injection rate-shape of RS0. 
 
Figure 6-5 In-cylinder pressures and AHRRs for the OCC, SCC and SRCC 
geometries with pure diesel, kerosene-diesel and pure kerosene fuels, using an 
injection rate-shape of RS0. 
 
It can be observed that the SCC geometry generally gives the longest 
ignition delay period, with the lowest peak in-cylinder pressure, of all the 
geometries due to the fact that the SCC geometry generates the weakest TKE as 
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compared to its counterparts. When a weak TKE is generated by the piston bowl, 
the mixing of air and fuel will be poor and hence delays the start of combustion 
(SOC) and lowers the peak in-cylinder pressure. However, with a low TKE 
generated, the phases of combustion for the SCC geometry are rather distinct, 
specifically between the premixed combustion and the mixing-controlled 
combustion phases. This is due to the fact that combustion is predominantly 
controlled by the injected fuel spray itself for the SCC geometry when less 
turbulence is generated by the bowl to interfere with the spray breakup and 
atomization process. This clear distinction between the combustion phases is 
not obvious for the OCC and SRCC geometries due to the higher TKEs that are 
generated. It is interesting to note that there are two peak heat-releases observed 
for the SRCC geometry, with a primary peak heat-release during the premixed 
combustion phase and a secondary peak heat-release during the 
mixing-controlled combustion phase. The secondary peak heat-release is likely 
due to the very high TKE that is generated by the SRCC geometry, such that the 
fuel that is injected later during the injection period gets rapidly mixed with air 
to form a well-mixed charge that combusts swiftly, giving a “second premixed 
combustion”. Moreover, since the TKE generated by the SRCC geometry is 
substantially higher than the other two geometries, the heat-release during the 
premixed combustion phase for the SRCC geometry is the highest of all, 
regardless of the fuel used, due to enhanced air and fuel mixing. In addition, as 
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the injected fuel is changed from pure diesel to pure kerosene, combustion 
phasing generally occurs for all bowl geometries whereby the heat-release 
during the premixed combustion phase increases and diminishes during the 
mixing-controlled and late combustion phases. This is due to the fact that 
kerosene has a lower CN number as compared to diesel, which causes a longer 
ignition delay period during which more kerosene premixes with air. Coupled 
with the fact that kerosene is less viscous as compared to diesel, kerosene is able 
to better atomize and premix with air during the ignition delay period. Hence, 
heat-release during the premixed combustion phase increases with kerosene 
usage. The same trend is observed from the experimental work of Lee et al. [37]. 
It should be noted that combustion phasing, which is caused by changing diesel 
to kerosene, is the most prominent for the SRCC geometry and lest prominent 
for the SCC geometry. This is due to the lower viscosity of kerosene as well as 
the extremely high TKE generated by the SRCC geometry which causes 
superior fuel and air mixing as compared to the SCC geometry. It is worth 
noting that when pure kerosene is used together with the SRCC geometry, the 
secondary heat-release is significantly diminished due to combustion phasing. 
Having discussed about the combined effects of bowl geometries together 
with the different fuels used, it is now appropriate to look into the combined 
effects of different injection rate-shapes and bowl geometries on the 
combustion characteristics. Figure 6-6 shows the in-cylinder pressures and 
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AHRRs for the OCC, SCC and SRCC geometries for different ramp injection 
rate-shapes of RS0 to RS6, using the kerosene-diesel blend fuel. 
 
Figure 6-6 In-cylinder pressures and AHRRs for the OCC, SCC and SRCC 
geometries for different ramp injection rate-shapes of RS0 to RS6, using the 
kerosene-diesel blend fuel. 
It is observed that combustion phasing occurs with injection rate-shaping. 
Using different ramp injection rate-shapes, the ignition delay period lengthens 
with decreasing initial injection velocities regardless of the bowl geometry used. 
This is because of poorer fuel spray breakup and atomization when the injection 
velocity is low, causing a delayed SOC. It is interesting to note that the 
magnitude and crank timing of the initial heat-release slope is different with the 
use of different bowl geometries even though the same injection rate-shape is 
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used. For the SRCC geometry, the spread of initial heat-release slopes is smaller 
but higher in magnitude compared to those of the SCC geometry due to the 
extremely high TKE generated by the SRCC geometry. The high TKE strongly 
enhances fuel breakup and atomization and affects the heat-release rate to a 
great extent. Moreover, as explained previously, combustion is predominantly 
controlled by the injected fuel spray itself for the SCC geometry, and so the 
effect of injection rate-shaping on the heat-release rate is more obvious for bowl 
geometries that generate less TKE. This is corroborated by the trend of 
heat-release for the SCC geometry when ramp injection rate-shapes of RS1 to 
RS6 are used. It can be generally seen that the heat-release during the premixed 
combustion phase decreases and that more heat is released during the 
mixing-controlled combustion phase when initial injection velocities decrease. 
However, this trend is not so obvious when the SRCC and OCC geometries are 
used because the majority of the heat is released during the premixed 
combustion phase with minimal increment of heat-release during the 
mixing-controlled combustion phase regardless of the rate-shape used. 
6.5.3 Combustion characteristics and emissions 
6.5.3.1 Combustion characteristics 
Figure 6-7 shows the crank angle at which 50% of the total heat is released 
(CA50), the ignition delay (ID) and the duration of combustion (DOC) for the 
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OCC, SCC and SRCC geometries for different ramp injection rate-shapes of 
RS0 to RS6, using the kerosene-diesel blend fuel. It should be noted that in this 
work, the ID is defined as the crank angle duration from SOI to 5% of the total 
heat-release, while DOC is defined as the crank angle duration from 5% to 90% 
of the total heat-release like in [258]. 
 
Figure 6-7 The graphs of (a) CA50, (b) ID and (c) DOC for the OCC, SCC and SRCC 
geometries for different ramp injection rate-shapes of RS0 to RS6 using the 
kerosene-diesel blend fuel. 
 
It can be observed that the IDs for the same injection rate-shape are 
different when different bowl geometries are used. In general, the SCC bowl 
geometry gives the longest ID regardless of the rate-shapes used, while the 
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SRCC and OCC geometries give comparably shorter IDs. This is due to the 
higher TKEs that are produced by the SRCC and OCC geometries which 
enhance air and fuel mixing that result in earlier SOC. As explained earlier, ID 
decreases with increasing initial injection velocities. Hence, the ID decreases as 
the initial ramp injection velocities increase when the rate-shape changes from 
RS1 to RS4. Similarly, when the rate-shape changes from RS6 to RS2 and then 
to RS5, the ID decreases due to an increase in injection rate during the early part 
of the injection period. Furthermore, the DOCs of the SCC geometry are 
generally longer than those of the SRCC and OCC geometries regardless of the 
injection rate-shapes used. This is because the SRCC and OCC geometries 
generate higher TKEs which enhance the mixing of air and fuel, resulting in a 
more homogeneous charge and a more rapid combustion. Hence, it can be 
concluded that the higher the TKE, the shorter will be the DOC. Moreover, the 
effect of injection rate-shaping on DOC is the greatest with the SCC geometry 
as compared to the other two geometries. This, as explained earlier, is due to the 
fact that combustion is predominantly controlled by the injected fuel spray itself 
for the SCC geometry. Not surprisingly, as the DOC for the SCC geometry is 
the longest of all, its CA50 is also the highest compared to those of the SRCC 
and OCC geometries. 
6.5.3.2 Emissions 
Figure 6-8a and b shows the normalized carbon monoxide (CO) and 
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nitrogen oxide (NO) emissions with respect to the different rate-shapes, while 
Figure 6-8c shows the normalized NO against normalized CO emissions for the 
OCC, SCC and SRCC geometries using pure diesel, kerosene-diesel and pure 
kerosene fuels. 
 
Figure 6-8 The normalized (a) CO and (b) NO emissions with respect to the different 
rate-shapes as well as (c) the normalized NO against normalized CO emissions for the 
OCC, SCC and SRCC geometries using pure diesel, kerosene-diesel and pure 
kerosene fuels. 
It can be generally seen that for the bowl geometries that generate higher 
TKEs, the level of CO emissions is lower. This is because with a higher TKE, 
air and fuel mixing is better and gives rise to improved and more complete 
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combustion. Moreover, as the injected fuel changes from pure diesel to 
kerosene-diesel and then to pure kerosene, CO emissions are generally seen to 
decrease due to the better atomization of lower viscosity kerosene [126] that 
results in better combustion. However, it should be noted that the 
aforementioned CO trends are general and that some injection rate-shapes do 
cause the CO trends to deviate from the norm. Not surprisingly, NO emissions 
generally increase for bowl geometries that generate high TKEs and for higher 
fractions of kerosene injection like in [37]. Again, it should be noted that the 
aforementioned NO trends are general and that some injection rate-shapes do 
cause the NO trends to stray from the norm. The deviation of both the CO and 
NO trends for certain cases may be due to fuel-on-wall impingement [259, 260] 
or the formation of extra lean air-fuel mixture [37], both of which hinder 
combustion. Figure 6-9 shows the CO and NO emissions at 17°ATDC for the 
SCC and SRCC geometries using the RS1 rate-shape together with pure diesel 
and pure kerosene fuels. From this figure, by comparing the CO and NO 
emissions for the SCC geometry, the use of kerosene in place of diesel gives 
lower CO emissions and higher NO emissions. In addition, with the use of the 
same fuel, it can be seen that the SRCC geometry gives much lower CO 
emissions but higher NO emissions when compared to the SCC geometry. From 
Figure 6-8c, it is interesting to note that with careful selection of bowl geometry, 
fuel type and injection rate-shape for a particular engine condition, it is possible 
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to achieve lower NO as well as CO emissions simultaneously. For instance, by 
using the SCC geometry with pure kerosene or kerosene-diesel fuel together 
with the appropriate injection rate-shape, it is possible to achieve low NO and 
CO emissions simultaneously, although a slight decrease in power is inevitable. 
 
Figure 6-9 The CO and NO emissions at 17°ATDC for the SCC and SRCC 
geometries using the RS1 rate-shape together with pure diesel and pure kerosene 
fuels. 
6.6 Part A: Summary 
In this work, the performance and emissions of a DICI engine fueled with 
kerosene-diesel blends, using different piston bowl geometries together with 
varying injection rate-shapes were investigated. A total of three combustion 
bowl geometries (OCC, SCC and SRCC) were used together with six different 
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ramp injection rate-shapes (RS1 to RS6) and different fuels (pure diesel, 
kerosene-diesel and pure kerosene). The findings are as follows: 
a) The SRCC geometry which has the shortest throat length gives the 
highest TKE while the SCC geometry which has the longest throat 
length gives the lowest TKE. 
b) The SCC geometry gives the longest ID due to its low TKE which 
retards SOC. 
c) The SCC geometry gives rather distinct premixed combustion and 
mixing-controlled combustion phases due to the fact that combustion is 
predominantly controlled by the injected fuel spray itself because of the 
low turbulence generated. 
d) Two peak heat-releases are observed for the SRCC geometry, with a 
primary peak heat-release during the premixed combustion phase and a 
secondary peak heat-release during the mixing-controlled combustion 
phase. This is because of the very high TKE that is generated by the 
SRCC geometry. 
e) When kerosene is used in place of diesel, the heat-release during the 
premixed combustion phase increases and diminishes during the 
mixing-controlled and late combustion phases. 




g) The effect of injection rate-shaping on the heat-release rate is more 
obvious for bowl geometries that generate lower TKEs. 
h) The DOCs of the SCC geometry are generally longer than those of the 
SRCC and OCC geometries because the SRCC and OCC geometries 
generate higher TKEs which enhance the mixing of air and fuel for 
quicker combustion. 
i) Bowl geometries that generate higher TKEs as well as lower viscosity 
fuels such as kerosene generally give lower CO emissions and higher 
NO emissions. 
From this work, it can be seen that it is possible to achieve low NO and CO 
emissions simultaneously by using the appropriate bowl geometry, rate-shape 
and fuel, although a slight decrease in power is inevitable. Furthermore, many 
of the findings from this work regarding kerosene combustion and emissions 
concur with that of literature as seen from Chapter 2. This implies that the 
kerosene-diesel reaction mechanism developed in Chapter 5 is reliable and 
robust enough for DICI engine simulations.  
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6.7 Part B: Investigation Methodology 
6.7.1 Chemical reaction mechanism 
Numerical simulations will be done to investigate the effects of injection 
rate-shapes on the combustion characteristics of a DICI engine fueled with 
kerosene and diesel. Due to the fact that soot particle dynamics trends such as 
soot mass density, soot particle size and number distribution are to be 
investigated in this work, a phenomenological soot model [181] is included for 
the engine simulations. More details about this model can be found in the 
following section. This soot model uses acetylene (C2H2) as the soot precursor 
specie and for soot surface growth. From diesel engine and CVCC 
experiments in literature as seen from Chapter 2, it can be clearly seen that 
diesel fuel generates more soot as compared to kerosene fuel under the same 
set of engine operating conditions [93, 99]. This is due to the fact that diesel 
has a higher aromatic content than kerosene [99] and more importantly 
diesel’s higher viscosity [60, 86] contribute to poorer fuel-air mixing in DICI 
engines resulting in more soot generation. For ease of comparison and 
subsequent explanations, refer to Table 2-1 for kerosene and diesel properties. 
As the original kerosene sub-mechanism from Chapter 5 predicted more 
C2H2 than expected, the magnitude of soot production for kerosene during 
combustion was initially similar to that of diesel. Therefore, the reaction rate 
for one of the major kerosene reaction pathways is adjusted for an improved 
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and lower C2H2 yield during combustion. The adjusted kerosene reaction 
pathway together with the respective original and adjusted [203] (bold) 
reaction rates are as shown below. 
KERO  KERO- + H 7.00E+17  0.0  0.0 1.00E+14  0.0  0.0     (6.1) 
The adjustment of the reaction rate of this kerosene reaction pathway 
allows the C2H2 yield to be altered without compromising the performance of 
the kerosene sub-mechanism. The performance of the adjusted and enhanced 
kerosene sub-mechanism is compared to that of the original in terms of its 
shock tube ignition delay times, constant volume combustion heat-releases and 
ignition delays. Figure 6-10 shows the comparisons between the adjusted and 
original kerosene sub-mechanisms’ combustion performance and it can be 
concluded that the adjusted and enhanced kerosene sub-mechanism gives 
almost identical combustion characteristics as those of the original while 
giving a lower C2H2 yield. As the decoupling methodology [202] was used to 
construct the reaction mechanism, altering one of the kerosene reactions does 
not affect the diesel component of the mechanism. It should be noted that the 
aim of this work is to predict the correct soot trends for kerosene with respect 
to diesel and not the exact soot yield for kerosene due to lack of suitable 
kerosene experimental data. For completeness, the adjusted and enhanced 




Figure 6-10 Comparisons between the adjusted and original kerosene 
sub-mechanisms for ignition delay times under different initial shock tube conditions 
of (a) 20atm/0.5 equivalence ratio, (b) 20atm/1.0 equivalence ratio, (c) 20atm/1.5 
equivalence ratio, (d) 20atm/2.0 equivalence ratio and (e) 1.0 equivalence ratio at 
30/40/50atm. Comparisons are also made between the adjusted and original kerosene 
sub-mechanisms together with that of experiments [86, 93] for constant volume 
combustion (f) ignition delays and (g,h) heat-releases under different ambient 
temperatures and pressures. 
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The differences between the experimental and the simulated peaks of 
heat-release as seen in Figure 5-6 and Figure 6-10g and h may be due to the 
shock tube validation of the kerosene sub-mechanism up to an equivalence 
ratio of only 2.0. The differences between the experimental and simulated 
peaks can be reduced through further shock tube validations with higher 
equivalence ratios of up to 4.0 [42, 43] (subject to availability of experimental 
data). This is because for diesel spray combustion, the local equivalence ratios 
within a spray can be rather high [42, 43]. However, it should be noted that the 
differences between experiments and simulations are acceptable. As seen from 
Figure 5-8 and Figure 6-10f, the simulated and experimental ignition delays 
show reasonable agreements under a wide range of conditions. 
6.7.2 Phenomenological soot model 
For this work, the KIVA4-CHEMKIN code [39, 40] is used for the engine 
simulations. The phenomenological soot model, which is incorporated into the 
KIVA4 [39] code for this work, was previously developed by the author’s 
group [181] and proven to be fit for CI engine simulations. Briefly, this 
phenomenological soot model consists of a number of sub-models from 
literature that accounts for soot particle inception, soot coagulation, soot 
surface growth via the hydrogen-abstraction-carbon-addition (HACA) 
mechanism and soot surface oxidation by oxygen (O2) and hydroxyl radical 
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(OH). In this model, C2H2 is taken to be the soot precursor specie from which 
soot particle inception occurs [261] depending on factors like precursor 
concentration and cell temperature. After the inception of soot particles, soot 
coagulation [262] may occur and it is the fusion of soot particles which will 
cause a decrease in soot particle number and an increase in soot particle size. 
On the other hand, soot surface growth may also occur. The well-known 
HACA sub-model is used to describe soot surface growth [263, 264] in this 
work. Basically, it is supposed that soot (CS) is activated by hydrogen 
abstraction to give soot radical (CS•) with an active site for carbon addition in 
the form of C2H2. The addition of C2H2 to CS• forms CSCHĊH which enables 
soot particles to grow in size. In addition to soot surface growth, soot surface 
oxidation occurs via O2 (Nagle-Strickland and Constable model [265]) and 
OH [266]. A higher O2 partial pressure or increased OH levels will cause the 
oxidation of more soot. This will result in lower soot mass and soot particle 
size. It is interesting to note from the work of Tao et al. [261] that in-cylinder 
soot distribution is much dictated by the distribution of OH radicals especially 
for spray diffusion combustion. In this work, the formation and oxidation of 
the soot precursor C2H2 is governed by the reaction mechanism itself. One 
should note that species vital to the phenomenological soot model such as 
C2H2, O2, OH and H originate from the CHEMKIN chemistry solver [40] 
which deals with the reaction mechanism used in this work. To keep this 
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chapter concise, refer to [181] for more information on the phenomenological 
soot model. As the reaction mechanism used in this work for diesel 
combustion is different from that used in [181], reaction R4 in the HACA soot 
surface growth mechanism is adjusted to give a better prediction of soot yield 
for pure diesel combustion in a diesel engine. Table 6-3 shows the original 
[264] and the adjusted reaction rates of the HACA soot surface growth 
mechanism. 







(m, kg mol, s) 
Adjusted A 









R1 CS―H + H  CS• + H2 2.5E+11 - 50200 
R-1 CS• + H2  CS―H + H 4.0E+08 - 29300 
R2 CS• + H  CS―H 2.2E+11 - - 
R-2 CS―H  CS• + H 2.0E+17 - 456000 
R3 CS•  C2H2 + product 3.0E+14 - 259000 
R4 CS• + C2H2  CSCHĊH 2.0E+09 3.25E+09 16700 
R-4 CSCHĊH  CS• + C2H2 5.0E+13 - 159000 
R5 CSCHĊH  CS―H + H 5.0E+10 - - 
 
Reaction R4 is adjusted based upon engine in-cylinder soot evolution data 
from an optical diesel engine experiment [104, 262] from literature. Figure 
6-11 shows the comparisons between the simulated and the experimental [104, 
262] optical diesel engine in-cylinder pressure, AHRR and soot evolution. 
Reasonable agreements can be seen between the simulated and the 




Figure 6-11 Comparisons between the simulated and the experimental [104, 262] 
optical diesel engine (a) in-cylinder pressure, AHRR and (b) soot evolution. (c) 
Sector mesh drawn using the KIVA3V pre-processor [184]. 
 
It can be observed from Figure 6-11b that the predicted in-cylinder soot 
evolution between 9-14CAD is slightly more than that of experiment. This is 
due to two main reasons. Firstly, the soot precursor is simply taken to be C2H2 
due to the lack of other more complex soot precursor species such as alkynes 
(e.g. C4H2) and PAHs (e.g. A4) [199, 204, 262] in the reaction mechanism. 
Secondly, the C2-C3 reactions used [202] in the reaction mechanism is not a 
detailed one. If detailed C2-C3 reactions are included in the mechanism, the 
prediction of C2H2 and soot may be more accurate. Nonetheless, the difference 
between the simulated and experimental soot evolutions is acceptable taking 
into consideration the compact size of the mechanism. 
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6.7.3 Parametric cases 
In this work, the effects of boot injection rate-shapes on combustion and 
emissions will be studied together with different kerosene-diesel blends. 
Figure 6-12 shows the definition of a typical boot injection rate-shape [44, 
242], the different boot rate-shapes that will be used for this work as well as 
the details of the parametric cases in this work. Refer to Figure 6-12 for more 
details. It should be noted that apart from the injection rate-shapes and fuel 
type, all other engine parameters such as the energy input, injection timing, 
injection duration, initial temperature and initial pressure are kept unchanged. 
Moreover, the area under each injection rate-shape graph is kept the same as in 
[213]. Finally, the respective thermo-physical properties for diesel and 
kerosene from the KIVA4 fuel library [39] are used in the simulations. It 
should also be noted that the base case engine simulation parameters are kept 





Figure 6-12 (a) Definition of a typical boot injection rate-shape [44, 242], (b) the 
different boot rate-shapes that will be used for this work and (c) the details of the 
parametric cases in this work. 
6.8 Part B: Base case engine validation 
Prior to running engine simulations, engine in-cylinder validation is done 
for a pure diesel base case at full load at 2400rpm with a conventional 
rectangular injection rate (RS0). Figure 6-13 shows the engine mesh from 
[267] used in this work, the experimental and simulated in-cylinder pressures, 
AHRRs and the CO, CO2, NOx and UHC emissions. Reasonable agreements 
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can be seen between the simulated and experimental results. Refer to Chapter 
3 for more details of the engine testbed. 
 
Figure 6-13 (a) Engine mesh from [267] used in this work, the experimental and 




6.9 Part B: Results and discussion 
6.9.1 In-cylinder pressures, AHRRs and combustion characteristics 
 
Figure 6-14 The in-cylinder pressures and the respective AHRRs for the different 
injection rate-shapes (RS0, RS1, RS2, RS3, RS4) used together with (a) pure diesel, 
(b) kerosene-diesel and (c) pure kerosene fuels. 
 
Figure 6-14 shows the in-cylinder pressures and the respective AHRRs for 
the different injection rate-shapes (RS0, RS1, RS2, RS3, RS4) used together 
with pure diesel, kerosene-diesel and pure kerosene fuels. Since fuel is directly 
injected into the combustion chamber for all the cases, it should be noted that 
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the combustion process and the subsequent emissions are very much 
controlled by the fuel spray. Heywood [16] highlighted that conventional 
combustion in DICI engines consists of four main phases which are the 
ignition delay period, the premixed combustion phase, the mixing-controlled 
combustion phase and the late combustion phase. It is observed from Figure 
6-14 that as boot injection rate-shapes are employed, combustion phasing 
occurs. As the boot injection velocity decreases (RS0 to RS1 to RS2) and as 
the boot injection duration increases (RS3 to RS2 to RS4), the ignition delay 
period increases. In addition, heat-release during the premixed combustion 
phase diminishes and increases during the mixing-controlled and late 
combustion phases. This is because with a lower boot injection velocity and 
longer boot injection duration, the initial fuel quantity injected into the 
cylinder is lesser and atomization is also poorer. This results in a longer 
ignition delay as well as less fuel accumulation for combustion during the 
premixed combustion phase. As more fuel is injected subsequently, 
combustion intensifies during the later stages and the peak heat-release is seen 
to shift with the different boot injection rate-shapes. A larger drop in peak 
in-cylinder pressure is the consequence of employing boot injection 
rate-shapes with a lower boot injection velocity and longer boot injection 
duration. Furthermore, as the fuel is changed from pure diesel to pure 
kerosene, ignition delay period increases and the intensity of heat-release also 
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increases. This is due to the thermo-physical properties of the fuels used. As 
kerosene has a lower Cetane number (CN) as compared to diesel as seen from 
Table 2-1, ignition delay period lengthens when kerosene is used. This 
consequential increase in ignition delay period allows for more kerosene to be 
better premixed with air before combustion starts. Hence, with more kerosene 
forming a combustible mixture prior to combustion, subsequent kerosene 
combustion intensity is much higher than that of diesel and less distinction is 
seen between the premixed and the mixing-controlled combustion phases for 
kerosene combustion. 
 
Figure 6-15 (a) The CA50, (b) the DOC and (c) the normalized CE for all simulated 
cases. 
 
Figure 6-15 shows the crank angle at which 50% of the total heat is 
released (CA50), the duration of combustion (DOC) and the normalized 
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combustion efficiency (CE) for all simulated cases. It should be noted that 
DOC is defined as the total number of crank angle degrees from 5% to 90% of 
the total heat-release. With the use of pure kerosene or kerosene-diesel blend, 
the DOCs are seen to be shorter than those of pure diesel regardless of the 
rate-shapes used. This is because kerosene has a lower viscosity as compared 
to diesel which enables it to be better atomized to form a more homogeneous 
combustible mixture that burns better with higher intensity. Due to the shorter 
DOCs for kerosene and kerosene diesel blend, their CA50s are higher than 
those of diesel. Next, the CEs for pure kerosene and kerosene-diesel blend are 
higher than those of pure diesel irrespective of the injection rate-shapes. This 
is because of the lower viscosity of kerosene which allows for better fuel 
atomization and oxidation as compared to diesel. It is interesting to note that 
the CEs for pure diesel combustion are the most sensitive to the injection 
rate-shapes used. This is probably due to the high viscosity of diesel which 
depends very much on the spray injection velocity for its good atomization. 
6.9.2 Soot particle dynamics, carbon monoxide and nitrogen oxide 
emissions 
Figure 6-16 shows the normalized CO and NO emissions for all the 
injection rate-shapes and fuels used as well as the graph of normalized NO 
against normalized CO. Figure 6-16 also includes the in-cylinder temperature 




Figure 6-16 Normalized (a) CO and (b) NO emissions for all injection rate-shapes 
and fuels used. (c) Graph of normalized NO against normalized CO for all injection 
rates and fuels used. (d) The in-cylinder temperature and NO evolutions for the 
RS0_0 and RS2_0 cases. 
 
It can be seen that the combustion of pure diesel fuel generates the most 
CO as compared to pure kerosene and kerosene-diesel blend fuels regardless 
of the injection rate-shapes used. This is due to the higher viscosity of diesel 
as compared to kerosene which gives inferior atomization and a more 
inhomogeneous fuel-air mixture that result in poorer combustion and more CO 
production. Moreover, RS2, RS3 and RS4 rate-shapes give relatively higher 
CO emissions due to more high viscosity diesel injected towards the end of the 
injection duration period. For these cases, more residence time is required for 
a more complete oxidation of CO. Next, NO emissions are generally seen to 
decrease when boot injection rate-shapes are used in place of the conventional 
rectangular injection rate, RS0. Firstly, this may be because combustion starts 
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slightly later during the expansion stroke for the boot rate-shape cases which 
causes the in-cylinder temperature to be lower and possibly results in less NO 
formation. From Figure 6-16d, the RS2 case shows an overall lower 
in-cylinder temperature than the RS0 case which may imply that there are 
fewer locally high temperature regions during the combustion of the RS2 case 
as compared to the RS0 case. Secondly, another reason may be because boot 
injection rate-shapes cause ignition delay to lengthen which allow more time 
for a leaner fuel-air mixture to be formed and this reduces the number of 
locally high temperature zones [42, 43] in the cylinder during combustion. 
Furthermore, pure diesel combustion generally gives the lowest NO emissions 
due to poorer combustion as explained previously. With poorer combustion, 
there are probably fewer locally high temperature zones in the cylinder and so 
thermal NO production is less. From Figure 6-16c, it is interesting to note that 
NO-CO trade-off is possible via using the appropriate injection rate-shape and 
fuel. It can be seen here that using pure kerosene together with a rate-shape of 
RS2, low CO and NO emissions can be achieved with only a slight decrease in 




Figure 6-17 (a) The peak soot values and (b) the SFODs for all injection rate-shapes 
and fuels used. (c) The soot values for the RS2 cases for pure diesel, kerosene-diesel 
and pure kerosene at CA50 (about 15°ATDC). (d) Graph of soot value against crank 
angle for the kerosene-diesel fuel for RS0, RS2 and RS4 cases. 
 
Figure 6-17 shows the peak soot values as well as the soot formation and 
oxidation durations (SFODs) for all injection rate-shapes and fuels used. It 
also shows the soot values for the RS2 cases for pure diesel, kerosene-diesel 
and pure kerosene at CA50, which happens to be at about 15° after top dead 
center (ATDC) for all three cases. Finally, the graph of soot value against 
crank angle is shown for kerosene-diesel fuel for RS0, RS2 and RS4 cases. It 
should be noted that in this work SFOD is defined as the total number of crank 
angles for soot formation and oxidation with the starting and ending soot 
values taken to be at 0.5g/kg-f. It can be seen from Figure 6-17a that pure 
diesel combustion gives the highest quantity of soot followed by 
 157 
 
kerosene-diesel and pure kerosene regardless of the injection rate-shapes. This 
trend is also seen in the work of Yu et al. [99]. Firstly, this is due to the fact 
that kerosene has got lesser aromatic content compared to diesel [99] which 
causes it to have a lower sooting tendency. Secondly, kerosene has a lower 
CN, a lower viscosity and a lower surface tension as compared to diesel [60, 
86]. For a DICI engine, using a lower viscosity fuel enhances fuel atomization 
and causes the fuel-air mixture to be more homogeneous. In addition, a lower 
CN fuel lengthens the FLOL [93] and this allows better air entrainment of the 
fuel spray before combustion starts. With better air entrainment of fuel spray 
and a more homogeneous fuel-air mixture, the combustion intensity of 
kerosene will be higher than that of diesel and it can be seen from Figure 6-14. 
As a result, a more rapid oxidation of soot particles and soot precursors occurs 
during kerosene combustion as compared to diesel combustion and results in 
less soot generation. This explanation agrees with the findings of Kook and 
Pickett [93]. Next, from Figure 6-17b, it is observed that the SFODs for pure 
diesel are the highest followed by kerosene-diesel and pure kerosene 
regardless of the injection rate-shapes. The reasons for this trend are the same 
as those for Figure 6-17a. Firstly, as kerosene has a lower sooting tendency, 
less time is required to oxidize the soot particles and soot precursors produced 
during kerosene combustion as compared to that of diesel. Secondly, as the 
combustion intensity for kerosene is higher than diesel as can be seen from 
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Figure 6-14, kerosene soot particles and precursors get oxidized at a much 
higher rate during kerosene combustion as compared to that of diesel 
combustion. Figure 6-17c substantiates Figure 6-17a and b. From Figure 
6-17c, it is seen that at about 15°ATDC (CA50) for all three RS2 cases with 
pure diesel, kerosene-diesel and pure kerosene, pure diesel combustion gives 
the highest soot quantity and pure kerosene combustion gives the lowest soot. 
Furthermore, from Figure 6-17d, the soot evolution is seen to change with 
different injection rate-shapes with more soot generated at 20°ATDC as the 
boot injection velocity decreases and as the boot injection duration increases. 
Figure 6-18 shows the compound graphs of particle number and mass 
fraction of soot against soot particle size for the RS2 cases at CA50 (about 
15°ATDC) for pure diesel, kerosene-diesel and pure kerosene fuels. It should 
be noted that the soot mass quantity, soot particle number and soot particle 
size are the highest for pure diesel combustion followed by that of 
kerosene-diesel and pure kerosene. This observed trend agrees with the KL 
factor trend found in [5, 37] for kerosene and diesel combustion, where K is 
the soot absorption coefficient (cm
-1
) and L is the line of sight path length 
through flame (cm). This is due to the lower sooting tendency, the lower CN, 





Figure 6-18 Compound graphs of particle number and mass fraction of soot against 
soot particle size for the RS2 cases at CA50 (about 15°ATDC) for (a) pure diesel, (b) 
kerosene-diesel and (c) pure kerosene fuels. 
 
Due to the aforementioned factors, soot precursors (C2H2) that are 
generated during the initial combustion phase are oxidized more rapidly 
during kerosene combustion and this is also seen in [181]. The rapid oxidation 
of soot precursors impede the inception of soot particles and contribute to the 
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decrease in soot particle number. In addition, with fewer number of nascent 
soot particles, growth of soot particle size through coagulation is also 
impeded. Furthermore, as C2H2 is rapidly being oxidized, soot surface growth 
through the HACA mechanism is also impeded, resulting in lower soot mass 
quantity and smaller particle sizes. Moreover, as kerosene is able to form a 
more homogeneous fuel-air mixture and the combustion intensity of kerosene 
is higher than diesel, soot surface oxidation occurs at a much higher rate 
during kerosene combustion as the local O2 partial pressure and the OH radical 
level are higher. This causes a rapid drop in soot mass quantity, particle size 
and number. Therefore, the soot mass quantity, soot particle number as well as 
soot particle size for pure diesel combustion are all higher than those of pure 
kerosene. 
Figure 6-19 shows the soot, OH, temperature, NO and CO profiles for the 
RS2 cases at CA50 (about 15°ATDC) for pure diesel, kerosene-diesel and 
pure kerosene fuels. It can be clearly seen that pure diesel combustion gives 
the most soot and CO. Moreover, it is interesting to note that OH distribution 
affects soot distribution for DICI combustion [261]. Also, locally high 
in-cylinder OH zones result in locally high temperature zones which cause 




Figure 6-19 Soot, OH, temperature, NO and CO profiles for the RS2 cases at CA50 
(about 15°ATDC) for pure diesel, kerosene-diesel and pure kerosene fuels. 
 
 
Figure 6-20 Compound graphs of particle number and mass fraction of soot against 






Figure 6-21 Compound graphs of particle number and mass fraction of soot against 
soot particle size at 5°, 10°, 15° and 20°ATDC for the kerosene-diesel blend case of 
RS2. 
 
Figure 6-22 Compound graphs of particle number and mass fraction of soot against 
soot particle size at 5°, 10°, 15° and 20°ATDC for the kerosene-diesel blend case of 
RS4. 
 
Figure 6-20, Figure 6-21 and Figure 6-22 show the compound graphs of 
particle number and mass fraction of soot against soot particle size at 5°, 10°, 
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15° and 20°ATDC for the kerosene-diesel blend cases of RS0, RS2 and RS4 
respectively. From Figure 6-20, Figure 6-21 and Figure 6-22, it is observed 
that regardless of the injection rate-shapes used, there is an increase followed 
by a decrease both in soot mass quantity and soot particle number. This is due 
to the formation of soot precursors as a result of fuel pyrolysis [261], causing 
soot particle inception and an increase in soot mass and particle number 
simultaneously. Following which, soot surface growth occurs via the HACA 
mechanism and causes further increase in soot mass. At the same time, as soon 
as nascent soot particles form, soot particle coagulation occurs. This is 
partially responsible for the drop in soot particle number. Subsequently, soot 
surface oxidation occurs via O2 and OH and causes a drop in both soot mass 
and particle number. Interestingly, by analyzing these three figures together 
with Figure 6-14b, soot particle inception is seen to occur as long as there is 
heat-release which causes fuel pyrolysis. Similar observation is seen in [181]. 
From Figure 6-20, during the initial stages of combustion for case RS0, the 
majority of the total soot mass is dominated by smaller soot particles. As the 
combustion progresses, the majority of the total soot mass becomes dominated 
by larger soot particles. This is because soot particle coagulation occurs as 
time progresses. Next, from Figure 6-21 and Figure 6-22 which are cases 
employing boot injection rate-shapes, it is observed that larger soot particles 
are formed at 5°ATDC as compared to that of RS0. This is due to the lower 
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boot injection velocity that is used which causes poorer atomization and 
poorer combustion. As a result, soot particle inception occurs more readily due 
to more soot precursors available from fuel pyrolysis. This leads to more 
nascent soot particles participating in soot coagulation and forming larger soot 
particles. Also, larger soot particles form due to soot surface growth via the 
HACA mechanism because combustion is poorer. Interestingly, when 
compared to the RS0 case at 20°ATDC, the RS2 and RS4 cases give relatively 
smaller soot particle sizes. This is due to the higher main injection velocity 
from the boot injection rate-shapes. Having a higher injection velocity and 
more fuel injected during the latter part of injection will result in higher 
heat-release during the mixing-controlled and late combustion phases. This in 
turn causes soot surface oxidation as well as acetylene oxidation to be more 
rapid during the latter part of combustion. Hence, soot surface growth is 
impeded and soot particles decrease in size. Finally, when comparing Figure 
6-21d and Figure 6-22d, it can be seen that the soot mass distribution for RS4 
is much narrower than that of RS2 at 20°ATDC. This is due to the higher main 
injection velocity of RS4. This phenomenon is also seen in [262]. 
Figure 6-23 shows the soot and NO profiles at 5°, 10°, 15° and 20°ATDC 
for kerosene-diesel blend fuel for the RS0 and RS2 cases. From Figure 6-23, it 
is clearly seen that injection rate-shaping does indeed cause a change in the 
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evolution of emissions formation. Hence, by changing the injection 
rate-shapes, one can control the engine-out emissions. 
 
Figure 6-23 Soot and NO profiles at 5°, 10°, 15° and 20°ATDC for kerosene-diesel 
blend fuel for the RS0 and RS2 cases. 
 
Finally, from this work, it can be concluded that the adjusted and enhanced 
kerosene-diesel reaction mechanism is robust enough to predict the 
performance and emissions trends of kerosene with respect to diesel. 
6.10 Part B: Summary 
In this work, the effects of boot injection rate-shapes on the combustion 
process and emissions formation of a DICI engine fueled with kerosene and 
diesel are investigated. Boot injection rate-shapes with varying boot injection 
velocity and boot injection duration are used. The KIVA4-CHEMKIN [39, 40] 
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code is used in conjunction with a phenomenological soot model to study the 
combustion process and emissions formation. A summary of this work is as 
follows: 
1) The adjusted and enhanced kerosene-diesel reaction mechanism is 
robust enough to predict the combustion and emissions trends of 
kerosene with respect to diesel. 
2) Combustion phasing occurs when boot injection rate-shapes are used. 
3) When diesel is replaced by kerosene, ignition delay period lengthens 
and the intensity of heat-release increases. This is because of the lower 
CN of kerosene as compared to diesel. Due to the above reasons, 
kerosene combustion produces lower CO and higher NO emissions. 
4) Due to the lower viscosity of kerosene as compared to diesel, the DOCs 
for pure kerosene and kerosene-diesel are seen to be shorter than those 
of pure diesel regardless of the rate-shapes used. 
5) NO emissions are generally seen to decrease when boot injection 
rate-shapes are used in place of the conventional rectangular injection 
rate. 
6) Pure diesel combustion gives the highest quantity of soot mass and 
SFODs regardless of the injection rate-shapes. This is due to the higher 
aromatic content of diesel compared to kerosene as well as the higher 
CN and viscosity of diesel. 
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7) Soot mass quantity, soot particle number and size are the lowest for pure 
kerosene combustion. 
8) When boot injection rate-shapes are used, it is observed that larger soot 
particles are formed at 5°ATDC for the RS2 and RS4 cases as compared 
to that of RS0 due to the lower boot injection velocity for RS2 and RS4. 
9) As compared to the RS0 case at 20°ATDC, the RS2 and RS4 cases give 
relatively smaller soot particle sizes due to the higher main injection 
velocity from the boot injection rate-shapes. 
10) The soot mass distribution for RS4 is much narrower than that of RS2 at 
20°ATDC due to the higher main injection velocity of RS4. 
In reality, optimized boot injection rate-shapes can be applied to 
commercial vehicles to limit soot particle size and emissions, especially under 
high load conditions where there are more soot formation as compared to the 
low load cases [181]. This injection strategy can be coupled together with 
exhaust aftertreatment technologies to more effectively reduce soot emissions 
in order to meet the stringent particulate matter (PM) emissions standards. 
Moreover, if low viscosity fuels such as kerosene are used in the future in 
DICI engines, boot injection rate-shapes can also be employed to mitigate NOx 
emissions. It can also be seen from this work that the adjusted and enhanced 
kerosene-diesel reaction mechanism is able to predict the combustion 
characteristics and emissions formation trends well under DICI engine 
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conditions. Many of the results obtained in this chapter regarding kerosene and 
diesel combustion agree with the trends in literature as seen in Chapter 2. 
As observed from the parametric study, one can use piezoelectric injectors 
in conventional diesel engines so that injection rate-shapes can be employed 
together with kerosene in a DICI engine to reduce NO, CO and soot emissions 
simultaneously especially under high engine loads. This means that the 
electronic control unit (ECU) and the injectors of a vehicle must be modified 
to accommodate this change, which is not difficult to realize.  
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Chapter 7 Conclusion and recommendations 
7.1 Conclusion 
From Chapter 1, it can be seen that the use of kerosene in direct injection 
compression ignition (DICI) engines is fundamentally due to the introduction 
of the Single Fuel Concept (SFC). Another driving factor behind the use of 
kerosene in DICI engines is fuel adulteration where kerosene is illegally and 
unethically mixed with diesel for more profit. As conventional DICI diesel 
engines are specifically designed to use diesel fuel, the usage of any other 
alternative fuels with different fuel properties such as kerosene will have 
adverse effects on engine emissions and combustion characteristics due to the 
differences between the fuel properties of kerosene and diesel. As a result, in 
order for kerosene to be properly and efficiently used in diesel engines, it is 
needful to identify the research gaps regarding the use of kerosene in DICI 
diesel engines. Therefore, a comprehensive literature review was carried out in 
Chapter 2. Chapter 2 covers the properties of kerosene, its autoignition and 
combustion characteristics as well as its emissions formation behavior under 
diesel engine operating conditions. Moreover, Chapter 2 also reviews the 
progress made in the development of suitable kerosene surrogates for engine 
applications as it is a crucial step towards the development of reliable 
chemical reaction mechanisms for numerical DICI engine simulations. 
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Through the literature review, it was noted that much experimental work was 
done for kerosene combustion in DICI engines. Substantial amounts of work 
were carried out regarding kerosene’s ignition delay times in shock tube, 
ignition quality tester (IQT), fuel ignition tester (FIT), rapid compression 
machine (RCM), constant volume combustion chamber (CVCC), 
single-cylinder engine (SCE) and multi-cylinder engine (MCE). Moreover, 
kerosene’s spray, combustion as well as emissions characteristics in CVCC, 
optical and non-optical engines were also investigated. However, it was 
observed from the review that reliable and compact chemical reaction 
mechanisms for kerosene combustion under DICI diesel engine conditions is 
sorely lacking. As a result, the primary objective of this thesis is to develop 
suitable kerosene reaction mechanisms which are small and yet robust enough 
to be used for DICI engine simulations. Moreover, the developed reaction 
mechanisms should be able to predict the major emissions such as soot, carbon 
monoxide (CO) and nitrogen oxide (NO). The secondary objective is to 
investigate the potential of kerosene in reducing emissions through injection 
rate-shaping. It should be noted that the research methodology is introduced in 
Chapter 3. 
A reasonably validated C12H24 kerosene reaction mechanism, containing 
only 122 species and 585 reactions, with embedded soot chemistry for diesel 
engine simulations was developed in Chapter 4. Kerosene is simply 
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represented by C12H24 and assumed to be oxidized via a global reaction step. 
The C12H24 kerosene reaction mechanism was validated for its ignition delay 
times under different initial shock tube conditions of 20atm at equivalence 
ratios of 0.5, 1.0, 1.5 and 2.0 for temperatures between 700-1400K. Moreover, 
constant volume combustion validations were carried out under ambient 
conditions of 900K/6.0MPa and 1000K/6.7MPa and it is seen that the 
mechanism is able to closely replicate the heat-release rates under these 
ambient conditions. In addition, constant volume ignition delay validations 





temperatures between 800-1250K. The simulated and experimental constant 
volume ignition delays are also similar. Furthermore, the reaction mechanism 
is able to predict the combustion characteristics and soot trends of kerosene 
reasonably under real engine conditions. In all, this C12H24 kerosene reaction 
mechanism is suitable to be used for diesel engine simulations. 
In order to further reduce computational time, a more compact reaction 
mechanism was developed in Chapter 5. This chapter focuses on the 
development of a small but reliable kerosene-diesel reaction mechanism, 
suitable to be used for diesel engine simulations. The new kerosene-diesel 
reaction mechanism consists only of 48 species and 152 reactions. 
Furthermore, the kerosene sub-mechanism in this new mechanism is 
reasonably validated for its ignition delay times under different initial shock 
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tube conditions of 20atm at equivalence ratios of 0.5, 1.0, 1.5 and 2.0 for 
temperatures between 700-1400K. Also, the kerosene sub-mechanism has 
proven to replicate kerosene combustion reasonably in a CVCC. The predicted 
and experimental heat-release rates as well as flame lift-off lengths (FLOLs) 
under ambient conditions of 900K/6.0MPa and 1000K/6.7MPa are similar. 
Moreover, constant volume ignition delay times predicted by the kerosene 
sub-mechanism are close to those of experiments. Overall, this new 
kerosene-diesel reaction mechanism is proven to be robust and practical for 
diesel engine simulations. 
In Chapter 6, parametric studies were carried out using the mechanism 
developed in Chapter 5. Chapter 6 Part A investigates the combustion 
characteristics of a DICI engine fueled with kerosene-diesel blends, using 
different piston bowl geometries together with varying injection rate-shapes 
were investigated. A total of three combustion bowl geometries, namely the 
omega combustion chamber (OCC), the shallow-depth combustion chamber 
(SCC) and the shallow-depth re-entrant combustion chamber (SRCC), were 
used together with six different ramp injection rate-shapes and pure diesel, 
kerosene-diesel and pure kerosene fuels. It is seen that the SRCC geometry, 
which has the shortest throat length, gives the highest turbulence kinetic 
energy (TKE) and this resulted in two peak heat-releases, with a primary peak 
heat-release during the premixed combustion phase and a secondary peak 
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heat-release during the mixing-controlled combustion phase. In addition, the 
SCC geometry gives rather distinct premixed combustion and 
mixing-controlled combustion phases due to the fact that combustion is 
predominantly controlled by the injected fuel spray itself because of less 
turbulence. Also, when kerosene is used in place of diesel, the heat-release 
during the premixed combustion phase increases and diminishes during the 
mixing-controlled and late combustion phases. It is interesting to note that the 
effect of injection rate-shaping on the heat-release rate is more obvious for 
bowl geometries that generate less TKE. Moreover, bowl geometries that 
generate higher TKEs as well as fuels with lower viscosities generally give 
lower CO emissions and higher NO emissions. More importantly, it is possible 
to achieve low NO and CO emissions simultaneously by using the appropriate 
bowl geometry, injection rate-shape and fuel, although a slight decrease in 
power is inevitable. On the other hand, Chapter 6 Part B investigates the 
effects of boot injection rate-shapes on the combustion process and emissions 
formation of a direct injection compression ignition engine fueled with 
kerosene and diesel. Boot injection rate-shapes with varying boot injection 
velocity and boot injection duration are used. The KIVA4-CHEMKIN code is 
used in conjunction with a phenomenological soot model and the adjusted and 
enhanced kerosene-diesel reaction mechanism to study the combustion process 
and emissions formation. The phenomenological soot model consists of a 
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number of sub-models from literature that accounts for soot particle inception, 
soot coagulation, soot surface growth via the 
hydrogen-abstraction-carbon-addition (HACA) mechanism and soot surface 
oxidation by oxygen (O2) and hydroxyl radical (OH). It should be noted that 
the adjusted and enhanced kerosene-diesel reaction mechanism is robust 
enough to predict the combustion and emissions trends of kerosene with 
respect to diesel. From this study, boot injection rate-shapes are seen to cause 
combustion phasing and produce lower NO emissions in general. Furthermore, 
it is observed that when kerosene replaces diesel, engine efficiency and NO 
emissions increase while CO and soot emissions decrease. Soot mass quantity, 
soot particle number and soot particle size are the lowest for pure kerosene 
combustion. Finally, detailed analyses of the effects of boot injection 
rate-shapes on soot particle dynamics are also presented. From Chapter 6, it 
can be observed that the kerosene-diesel reaction mechanism and its enhanced 
version are capable of correctly predicting many of the combustion and 
emissions characteristics as described in Chapter 2’s literature review. 
Moreover, it can be seen from this chapter that by using kerosene together 
with the appropriate injection rate-shape, one is able to reduce DICI diesel 
engine emissions relative to diesel fuel combustion. 
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7.2 Recommendations for future work 
This section gives further recommendations for kerosene combustion in CI 
engines. 
a) A substantial amount of fundamental studies on kerosene autoignition 
had been done thus far as seen from Table 2-2. However, more work can 
still be done to obtain the needed data for the modelling of kerosene 
combustion, especially under DICI engine conditions. Most 
autoignition studies done in the past were for the purpose of modelling 
the combustion of kerosene in gas turbines and rocket engines which 
have a narrower range of operating conditions as compared to DICI 
engines. Future fundamental shock tube and RCM studies can be done 
with higher equivalence ratios (φ>3) and under higher pressures 
(P>40atm) as DICI engines operate with high in-cylinder pressures and 
local in-cylinder equivalence ratios can be rather high. Moreover, as 
exhaust gas recirculation (EGR) is often used in diesel engines, shock 
tube, RCM, CVCC and engine experiments can all be carried out using 
different levels of oxygen content as most works listed in Table 2-2 only 
used 21% oxygen by volume. Furthermore, CVCC and engine 
experiments can be extended to cover a wider range of temperatures to 
simulate kerosene combustion in both hot and cold environments. In this 
manner, researchers and engineers will then be able to more accurately 
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model kerosene autoignition under a wider range of engine operating 
conditions. 
b) It can be clearly seen from Chapter 2 that the differences in kerosene’s 
and diesel’s fuel properties do affect spray behavior and combustion 
characteristics. Previous works done in a CVCC regarding kerosene 
spray and combustion only involved variations in ambient conditions 
and injection pressures. Moreover, only Song et al. [97] investigated 
kerosene sprays together with oxygenated fuel in their study. Hence, 
future spray studies can include oxygenated fuels with kerosene in order 
to study their effects on spray behavior, combustion characteristics as 
well as soot evolution. Furthermore, with the advancement of injector 
technology, especially the development of piezo-electric injectors [238, 
268-270], future works can investigate the effects of kerosene injection 
rate-shapes in a CVCC due to negligible work done in this area [44]. 
c) From Chapter 2, it was observed that most investigations for kerosene 
combustion were carried out in conventional DICI diesel engines with 
relatively fewer works focusing on advanced combustion modes such as 
reactivity controlled compression ignition (RCCI) [271, 272] and 
homogeneous charge compression ignition (HCCI) [273] combustion. 
More investigations regarding kerosene combustion can be done in the 
aforementioned areas for both engine experiments and simulations as 
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engine manufacturers aim to improve engine efficiency and reduce 
emissions. The research can be focused on both fundamental and 
applied studies for the different combustion modes and conditions.
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  ELEMENTS                 
  H C O                  N 
 
            
  SPECIES                  






A2-   






A1C2H-   
  IC8H18 C2H2 PC4H9 
 
IC4H6OH C6H5CH2OO A1C2H   
  C7H8 C2H3 C5H10 
 
IC3H7CHO C6H5CH2O A1C2H3   
  O2 C2H4 NC3H7CHO IC3H7CO C6H5CHO A2R5   




A3-   




A1   
  H2O CH2CO C7H15O2-2 IC3H5CO NC3H7COC2H3 A2   
  CO CH3CO C7H14OOH2-4 CH2CCH2OH N2O 
 
A3   
  H2 CH3CHO C7H14OOH2-4O2 TC3H6CHO NO 
 
A4   
  OH CH2CHO NC7KET24 TC3H6O2CHO NO2 
 
C(S)   




NC9H20   
  HO2 CH3OH AC8H17O2 CH3COCH3 C3H2 
 
C9H19-4   
  H CH2OH AC8H16OOH-B CH3COCH2 C4H2 
 
C9H19O2-4 
  O CH3O2H IC8ETERAB CH3COCH2O2 C4H3 
 
C9OOH4-5 
  CH3O C2H6 AC8H16OOH-BO2 C3KET21 C4H4 
 
NC4H9CO 
  CH2O C3H3 IC8KETAB C6H5CH2 IC4H5 
 
C9OOH4-5O2 










  CH2 C3H6 IC4H8 
 
HOC6H4CH3 NC4H9CHO C9O4-5   
 201 
 
  N A1-                 
  REACTIONS 
   
A b E 
 
  










2.60E+06 2.4 4471 
 
  
  Reverse Arrhenius coefficients: 
  





9.54E+04 2.7 2106 
 
  
  Reverse Arrhenius coefficients: 
  





1.50E+08 1.6 -35 
 
  
  Reverse Arrhenius coefficients: 
  





1.12E+13 0 17690 
 
  
  Reverse Arrhenius coefficients: 
  





8.00E+15 0 50150 
 
  
  Reverse Arrhenius coefficients: 
  










1.36E+23 -2.4 37670 
 
  
  Reverse Arrhenius coefficients: 
  





1.50E+12 0 26850 
 
  
  Reverse Arrhenius coefficients: 
  





4.37E+23 -2.4 37640 
 
  
  Reverse Arrhenius coefficients: 
  





1.00E+11 0 23850 
 
  
  Reverse Arrhenius coefficients: 
  





13 C9KET4-5=OH+NC3H7CO+NC4H9CHO 1.05E+17 0 41600 
 
  
  Reverse Arrhenius coefficients: 
  





6.00E+11 0 22000 
 
  
  Reverse Arrhenius coefficients: 
  
0.00E+00 0 0 
 
  
15 C9OOH4-5=NC3H7COC2H3+NC3H7+H2O 6.00E+11 0 22000 
 
  
  Reverse Arrhenius coefficients: 
  
0.00E+00 0 0 
 
  
16 C9O4-5+OH=NC3H7COC2H3+NC3H7+H2O 2.50E+12 0 0 
 
  
  Reverse Arrhenius coefficients: 
  
0.00E+00 0 0 
 
  
17 C9O4-5+OH=NC3H7CHCO+PC4H9+H2O 2.50E+12 0 0 
 
  
  Reverse Arrhenius coefficients: 
  





2.00E+13 0.5 42200 
 
  
  Reverse Arrhenius coefficients: 
  





2.69E+10 0.8 -340 
 
  
  Reverse Arrhenius coefficients: 
  





4.00E+13 0 4200 
 
  
  Reverse Arrhenius coefficients: 
  





5.00E+12 0 1790 
 
  
  Reverse Arrhenius coefficients: 
  





2.80E+12 0 13600 
 
  
  Reverse Arrhenius coefficients: 
  





1.70E+12 0 8440 
 
  
  Reverse Arrhenius coefficients: 
  
1.50E+13 0 28000 
 
  





  Reverse Arrhenius coefficients: 
  
3.00E+11 0 18000 
 
  
25 NC4H9CHO+CH3O2=NC4H9CO+CH3O2H 1.00E+12 0 9500 
 
  
  Reverse Arrhenius coefficients: 
  





1.00E+11 0 9600 
 
  
  Reverse Arrhenius coefficients: 
  
1.00E+11 0 0 
 
  
27 NC3H7COC2H3+H=H2+C3H6+C2H3CO 3.00E+12 0 0 
 
  
  Reverse Arrhenius coefficients: 
  
0.00E+00 0 0 
 
  
28 NC3H7COC2H3+OH=H2O+C3H6+C2H3CO 3.00E+12 0 0 
 
  
  Reverse Arrhenius coefficients: 
  
0.00E+00 0 0 
 
  
29 NC3H7COC2H3+O=OH+C3H6+C2H3CO 3.00E+12 0 0 
 
  
  Reverse Arrhenius coefficients: 
  
0.00E+00 0 0 
 
  
30 NC3H7COC2H3+HO2=H2O2+C3H6+C2H3CO 5.00E+12 0 15000 
 
  
  Reverse Arrhenius coefficients: 
  





3.00E+12 0 0 
 
  
  Reverse Arrhenius coefficients: 
  





3.00E+12 0 0 
 
  
  Reverse Arrhenius coefficients: 
  





3.00E+12 0 0 
 
  
  Reverse Arrhenius coefficients: 
  
0.00E+00 0 0 
 
  
34 NC3H7CHCO+HO2=H2O2+C3H6+HCCO 5.00E+12 0 15000 
 
  
  Reverse Arrhenius coefficients: 
  





3.00E+12 0 0 
 
  
  Reverse Arrhenius coefficients: 
  







3.00E+12 0 0 
 
  
  Reverse Arrhenius coefficients: 
  





3.00E+12 0 0 
 
  
  Reverse Arrhenius coefficients: 
  





1.30E+88 -21 139500 
 
  
  Reverse Arrhenius coefficients: 
  





2.60E+06 2.4 4471 
 
  
  Reverse Arrhenius coefficients: 
  





9.54E+04 2.7 2106 
 
  
  Reverse Arrhenius coefficients: 
  





1.90E+06 2 -596 
 
  
  Reverse Arrhenius coefficients: 
  





4.00E+03 3.4 13720 
 
  
  Reverse Arrhenius coefficients: 
  





2.80E+13 0 50150 
 
  
  Reverse Arrhenius coefficients: 
  





3.25E+19 -1.8 31360 
 
  
  Reverse Arrhenius coefficients: 
  





1.36E+23 -2.4 37670 
 
  
  Reverse Arrhenius coefficients: 
  





6.00E+10 0 20450 
 
  
47 C7H14OOH2-4O2<=>C7H14OOH2-4+O2 1.39E+23 -2.4 37600 
 
  
  Reverse Arrhenius coefficients: 
  







1.25E+10 0 17450 
 
  
49 NC7KET24<=>NC3H7CHO+CH3COCH2+OH 5.00E+16 0 39000 
 
  
  Reverse Arrhenius coefficients: 
  
0.00E+00 0 0 
 
  
50 C7H14OOH2-4<=>OH+CH3CHO+C5H10 1.55E+12 0.6 30090 
 
  
  Reverse Arrhenius coefficients: 
  





1.50E+30 -3.9 84150 
 
  
  Reverse Arrhenius coefficients: 
  





7.34E+05 2.8 8147 
 
  
  Reverse Arrhenius coefficients: 
  















6.30E+13 0 50760 
 
  
  Reverse Arrhenius coefficients: 
  





8.55E+03 3 3123 
 
  
  Reverse Arrhenius coefficients: 
  





5.75E+17 -0.4 101200 
 
  
  Reverse Arrhenius coefficients: 
  





6.09E+02 2.5 8520 
 
  
  Reverse Arrhenius coefficients: 
  





3.46E+20 -1.7 35720 
 
  
  Reverse Arrhenius coefficients: 
  















62 AC8H16OOH-BO2=AC8H16OOH-B+O2 1.36E+23 -2.4 37280 
 
  
  Reverse Arrhenius coefficients: 
  





2.50E+10 0 21000 
 
  
64 IC8ETERAB+OH=>IC4H8+IC3H7CO+H2O 1.25E+12 0 0 
 
  
65 IC8ETERAB+HO2=>IC4H8+IC3H7CO+H2O2 2.50E+12 0 17700 
 
  










































































   









   






















1.60E+12 0 15100 
 
  













































1.70E+76 -20 64725 
 
  
98 C6H5CH2OO+HO2=>C6H5CH2O+OH+O2 6.30E+10 0 -720 
 
  



























































































   




















































































































   









   









   









   

























2.48E+14 -0.3 4674 
 
  
  Declared duplicate reaction... 






1.40E+13 0 14700 
 
  
  Declared duplicate reaction... 









1.37E+21 -2.2 39410 
 
  
  Reverse Arrhenius coefficients: 
  














   




   




   




   




   




   




   




   





9.17E+20 -1.6 73990 
 
  
  Reverse Arrhenius coefficients: 
  




















7.50E+17 -1.4 29580 
 
  
  Reverse Arrhenius coefficients: 
  




   





  Reverse Arrhenius coefficients: 
  














   
5.00E+15 0 71000 
 
  
  Reverse Arrhenius coefficients: 
  




   
1.00E+19 -1 96770 
 
  
  Reverse Arrhenius coefficients: 
  





1.00E+12 0 0 
 
  
  Reverse Arrhenius coefficients: 
  





7.23E+05 2.3 -1050 
 
  
  Reverse Arrhenius coefficients: 
  





2.00E+13 0.5 42200 
 
  
  Reverse Arrhenius coefficients: 
  





2.69E+10 0.8 -340 
 
  
  Reverse Arrhenius coefficients: 
  





2.80E+12 0 13600 
 
  
  Reverse Arrhenius coefficients: 
  





5.32E+15 -0.9 13400 
 
  
  Reverse Arrhenius coefficients: 
  

























  Reverse Arrhenius coefficients: 
  




   
2.67E+15 -0.6 36820 
 
  
  Reverse Arrhenius coefficients: 
  




   
4.65E+46 -9.8 55080 
 
  
  Reverse Arrhenius coefficients: 
  














   
1.64E+37 -7.4 38670 
 
  
  Reverse Arrhenius coefficients: 
  




   
4.98E+32 -6.2 40070 
 
  
  Reverse Arrhenius coefficients: 
  





5.20E+06 2 -298 
 
  
  Reverse Arrhenius coefficients: 
  





1.93E+04 2.6 13910 
 
  
  Reverse Arrhenius coefficients: 
  




   
3.07E+55 -11.5 114300 
 
  
  Reverse Arrhenius coefficients: 
  





6.00E+12 0 39900 
 
  
  Reverse Arrhenius coefficients: 
  





2.79E+25 -4.1 28450 
 
  
  Reverse Arrhenius coefficients: 
  





3.68E+12 0 1310 
 
  
  Reverse Arrhenius coefficients: 
  







1.00E+11 0 25750 
 
  
  Reverse Arrhenius coefficients: 
  










2.88E+16 -0.6 41280 
 
  
  Reverse Arrhenius coefficients: 
  





2.69E+10 0.8 -340 
 
  
  Reverse Arrhenius coefficients: 
  





1.68E+12 0 -781 
 
  
  Reverse Arrhenius coefficients: 
  





1.43E+13 0 10950 
 
  
  Reverse Arrhenius coefficients: 
  





3.00E+12 0 11920 
 
  
  Reverse Arrhenius coefficients: 
  





7.00E+12 0 -1000 
 
  
  Reverse Arrhenius coefficients: 
  





7.00E+12 0 -1000 
 
  
  Reverse Arrhenius coefficients: 
  









   
1.23E+47 -9.7 74260 
 
  
  Reverse Arrhenius coefficients: 
  





2.47E+13 -0.5 23020 
 
  
  Reverse Arrhenius coefficients: 
  










  Reverse Arrhenius coefficients: 
  




   
1.39E+11 0 15600 
 
  
  Reverse Arrhenius coefficients: 
  





3.00E+10 0 1649 
 
  
  Reverse Arrhenius coefficients: 
  





5.00E+13 0 29100 
 
  
  Reverse Arrhenius coefficients: 
  
3.07E+11 0.5 16470 
 
  










2.69E+10 0.8 -340 
 
  
  Reverse Arrhenius coefficients: 
  





1.00E+12 0 11920 
 
  
  Reverse Arrhenius coefficients: 
  





1.28E+20 -1.9 34460 
 
  
  Reverse Arrhenius coefficients: 
  









   
8.57E+18 -1.6 40340 
 
  
  Reverse Arrhenius coefficients: 
  





2.00E+13 0 0 
 
  
  Reverse Arrhenius coefficients: 
  





2.41E+13 0 0 
 
  
  Reverse Arrhenius coefficients: 
  










  Reverse Arrhenius coefficients: 
  





































































   









   



















Low pressure limit:  












0.50000E+00  0 
242 C3H5+OH=C3H4+H2O 
  





2.00E+14 0 0 
 
  
           CH4              Enhanced by    2.000E+00 
    
  
           CO               Enhanced by    1.500E+00 
    
  
           CO2              Enhanced by    2.000E+00 
    
  
           C2H6             Enhanced by    3.000E+00 
    
  
           H2O              Enhanced by    6.000E+00 
    
  
           H2               Enhanced by    2.000E+00 
    
  
        Low pressure limit:  0.13300E+61 -0.12000E+02  0.59680E+04 
  
  



































4.00E+13 0 0 
 
  
        Low pressure limit:  0.30000E+25 -0.20000E+01  0.00000E+00 
  
  










3.00E+13 0 0 
 
  






























2.28E+15 -0.7 174.9 
 
  
           H2O              Enhanced by    5.000E+00 
    
  
           CO               Enhanced by    2.000E+00 
    
  
           CO2              Enhanced by    3.000E+00 
    
  
        Low pressure limit:  0.80540E+32 -0.37500E+01  0.98160E+03 
  
  





5.21E+17 -1 1580 
 
  
           H2               Enhanced by    2.000E+00 
    
  
           H2O              Enhanced by    6.000E+00 
    
  
           CO               Enhanced by    1.500E+00 
    
  
           CO2              Enhanced by    2.000E+00 
    
  
           CH4              Enhanced by    2.000E+00 
    
  
        Low pressure limit:  0.19900E+42 -0.70800E+01  0.66850E+04 
  
  




   










































9.57E+08 1.5 1355 
 
  
           H2               Enhanced by    2.000E+00 
    
  
           H2O              Enhanced by    6.000E+00 
    
  
           CO               Enhanced by    1.500E+00 
    
  
           CO2              Enhanced by    2.000E+00 
    
  
           CH4              Enhanced by    2.000E+00 
    
  
        Low pressure limit:  0.14190E+40 -0.66420E+01  0.57690E+04 
  
  














   




   





7.56E+14 -1 4749 
 
  
  Declared duplicate reaction... 




6.61E+00 3.5 14160 
 
  
  Declared duplicate reaction... 





















6.08E+12 0.3 280 
 
  
           H2               Enhanced by    2.000E+00 
    
  
           H2O              Enhanced by    6.000E+00 
    
  
           CO               Enhanced by    1.500E+00 
    
  
           CO2              Enhanced by    2.000E+00 
    
  
           CH4              Enhanced by    2.000E+00 
    
  
        Low pressure limit:  0.14000E+31 -0.38600E+01  0.33200E+04 
  
  




   























































1.71E+10 1.3 2709 
 
  
           H2               Enhanced by    2.000E+00 
    
  
           H2O              Enhanced by    6.000E+00 
    
  
           CO               Enhanced by    1.500E+00 




           CO2              Enhanced by    2.000E+00 
    
  
           CH4              Enhanced by    2.000E+00 
    
  
        Low pressure limit:  0.63460E+32 -0.46640E+01  0.37800E+04 
  
  



















   



















   




   








































2.08E+18 -0.6 92540 
 
  
        Low pressure limit:  0.15000E+44 -0.69950E+01  0.97990E+05 
  
  







7.90E-03 5 84470 
 
  
        Low pressure limit:  0.33900E+43 -0.72440E+01  0.10520E+06 
  
  






































































5.40E+11 0.5 3600 
 
  
           H2               Enhanced by    2.000E+00 
    
  
           H2O              Enhanced by    6.000E+00 
    
  
           CO               Enhanced by    1.500E+00 
    
  
           CO2              Enhanced by    2.000E+00 
    
  
           CH4              Enhanced by    2.000E+00 
    
  










1.51E+15 -1 0 
 
  
  Declared duplicate reaction... 




2.41E+14 0 5017 
 
  
  Declared duplicate reaction... 







































2.45E+22 -1.7 86360 
 
  
        Low pressure limit:  0.10300E+60 -0.11300E+02  0.95910E+05 
  
  















































1.43E+15 -0.1 45600 
 
  
        Low pressure limit:  0.60000E+30 -0.38000E+01  0.43420E+05 
  
  





2.93E+12 0.3 40300 
 
  
        Low pressure limit:  0.95200E+34 -0.50700E+01  0.41300E+05 
  
  















1.07E+12 0.6 16900 
 
  
        Low pressure limit:  0.56500E+19 -0.97000E+00  0.14600E+05 
  
  















9.41E+07 1.9 44990 
 
  
        Low pressure limit:  0.15160E+52 -0.10270E+02  0.55390E+05 
  
  





8.10E+11 0 0 
 
  
           H2               Enhanced by    2.000E+00 
    
  
           H2O              Enhanced by    6.000E+00 
    
  
           CO               Enhanced by    1.500E+00 
    
  
           CO2              Enhanced by    2.000E+00 
    
  
           CH4              Enhanced by    2.000E+00 
    
  























































1.27E+16 -0.6 383 
 
  
           H2               Enhanced by    2.000E+00 
    
  
           H2O              Enhanced by    6.000E+00 
    
  
           CO               Enhanced by    1.500E+00 
    
  
           CO2              Enhanced by    2.000E+00 
    
  
           CH4              Enhanced by    2.000E+00 
    
  
        Low pressure limit:  0.24770E+34 -0.47600E+01  0.24400E+04 
  
  




   









   

















2.72E+21 -1.7 86360 
 
  
        Low pressure limit:  0.11440E+59 -0.11300E+02  0.95910E+05 
  
  




















6.80E+13 0 26170 
 
  
           H2               Enhanced by    2.000E+00 
    
  
           H2O              Enhanced by    6.000E+00 
    
  
           CO               Enhanced by    1.500E+00 
    
  
           CO2              Enhanced by    2.000E+00 
    
  
           CH4              Enhanced by    2.000E+00 
    
  
        Low pressure limit:  0.18670E+26 -0.30000E+01  0.24310E+05 
  
  


































   




   












7.81E+09 0.9 0 
 
  
        Low pressure limit:  0.68500E+25 -0.30000E+01  0.00000E+00 
  
  












































   




   




   




   




   
4.58E+19 -1.4 104400 
 
  
           H2               Enhanced by    2.500E+00 
    
  
           H2O              Enhanced by    1.200E+01 
    
  
           CO               Enhanced by    1.900E+00 
    
  
           CO2              Enhanced by    3.800E+00 
    
  
           CH4              Enhanced by    2.000E+00 
    
  
392 2O+M=O2+M 
   
6.16E+15 -0.5 0 
 
  
           H2               Enhanced by    2.500E+00 




           H2O              Enhanced by    1.200E+01 
    
  
           CO               Enhanced by    1.900E+00 
    
  
           CO2              Enhanced by    3.800E+00 
    
  
           CH4              Enhanced by    2.000E+00 
    
  
393 O+H+M=OH+M 
   
4.71E+18 -1 0 
 
  
           H2               Enhanced by    2.500E+00 
    
  
           H2O              Enhanced by    1.200E+01 
    
  
           CO               Enhanced by    1.500E+00 
    
  
           CO2              Enhanced by    2.000E+00 
    
  
           CH4              Enhanced by    2.000E+00 
    
  
394 H+OH+M=H2O+M 
   
3.50E+22 -2 0 
 
  
           H2               Enhanced by    7.300E-01 
    
  
           H2O              Enhanced by    3.650E+00 
    
  
           CH4              Enhanced by    2.000E+00 
    
  
           C2H6             Enhanced by    3.000E+00 




4.65E+12 0.4 0 
 
  
           H2               Enhanced by    1.300E+00 
    
  
           H2O              Enhanced by    1.000E+01 
    
  
           CO               Enhanced by    1.900E+00 
    
  
           CO2              Enhanced by    3.800E+00 
    
  
           CH4              Enhanced by    2.000E+00 
    
  
        Low pressure limit:  0.17370E+20 -0.12300E+01  0.00000E+00 
  
  






   




   




   




   




   
1.30E+11 0 -1630 
 
  
  Declared duplicate reaction... 
      
  
401 2HO2=H2O2+O2 
   
3.66E+14 0 12000 
 
  
  Declared duplicate reaction... 




2.00E+12 0.9 48750 
 
  
           H2               Enhanced by    3.700E+00 
    
  
           O2               Enhanced by    1.200E+00 
    
  
           H2O              Enhanced by    0.000E+00 
    
  
           N2               Enhanced by    1.500E+00 
    
  
           H2O2             Enhanced by    7.700E+00 
    
  
        Low pressure limit:  0.24900E+25 -0.23000E+01  0.48750E+05 
  
  




   




   




   





1.74E+12 0 318 
 
  
  Declared duplicate reaction... 




7.59E+13 0 7269 
 
  
  Declared duplicate reaction... 






1.36E+10 0 2384 
 
  
           H2               Enhanced by    2.000E+00 
    
  
           H2O              Enhanced by    1.200E+01 
    
  
           CO               Enhanced by    1.750E+00 
    
  
           CO2              Enhanced by    3.600E+00 
    
  




   




   
7.02E+04 2.1 -355.7 
 
  
  Declared duplicate reaction... 
      
  
411 CO+OH=CO2+H 
   
5.76E+12 -0.7 331.8 
 
  
  Declared duplicate reaction... 

































   
5.70E+11 0.7 14870 
 
  
           H2               Enhanced by    2.000E+00 
    
  
           H2O              Enhanced by    1.200E+01 
    
  
           CO               Enhanced by    1.500E+00 
    
  
           CO2              Enhanced by    2.000E+00 
    
  
           CH4              Enhanced by    2.000E+00 










   




   




   














   









   





1.09E+12 0.5 -260 
 
  
           H2               Enhanced by    2.000E+00 
    
  
           H2O              Enhanced by    6.000E+00 
    
  
           CO               Enhanced by    1.500E+00 
    
  
           CO2              Enhanced by    2.000E+00 
    
  
           CH4              Enhanced by    2.000E+00 
    
  
        Low pressure limit:  0.13500E+25 -0.25700E+01  0.14250E+04 
  
  




































   




   
1.00E+18 -1.6 0 
 
  
  Declared duplicate reaction... 








   




   




   




   
2.70E+11 0.7 25700 
 
  
  Declared duplicate reaction... 














4.30E+07 1.5 79600 
 
  
           H2               Enhanced by    2.000E+00 
    
  
           H2O              Enhanced by    6.000E+00 
    
  
           CO               Enhanced by    1.500E+00 
    
  
           CO2              Enhanced by    2.000E+00 
    
  
           CH4              Enhanced by    2.000E+00 
    
  
        Low pressure limit:  0.50700E+28 -0.34200E+01  0.84350E+05 
  
  





2.50E+16 -0.8 0 
 
  
           H2               Enhanced by    2.000E+00 
    
  
           H2O              Enhanced by    6.000E+00 
    
  
           CO               Enhanced by    1.500E+00 




           CO2              Enhanced by    2.000E+00 
    
  
           CH4              Enhanced by    2.000E+00 
    
  
        Low pressure limit:  0.32000E+28 -0.31400E+01  0.12300E+04 
  
  




   




   




   




   




   




   










1.30E+11 0 59620 
 
  
        Low pressure limit:  0.62000E+15  0.00000E+00  0.56100E+05 
  
  
           H2               Enhanced by    2.000E+00 
    
  
           H2O              Enhanced by    6.000E+00 
    
  
           CH4              Enhanced by    2.000E+00 
    
  
           CO               Enhanced by    1.500E+00 
    
  
           CO2              Enhanced by    2.000E+00 









1.06E+20 -1.4 0 
 
  
           H2               Enhanced by    2.000E+00 
    
  
           H2O              Enhanced by    6.000E+00 
    
  
           CH4              Enhanced by    2.000E+00 




           CO               Enhanced by    1.500E+00 
    
  
           CO2              Enhanced by    2.000E+00 
    
  
456 NO2+O<=>NO+O2 
   













































1.14E+17 0 106800 
 
  
           O2               Enhanced by    4.000E-01 
    
  
           H2O              Enhanced by    6.500E+00 
    
  
           CO               Enhanced by    7.500E-01 




























   











































































































1.12E+16 0 46510 
 
  
           O2               Enhanced by    4.000E-01 
    
  
           H2O              Enhanced by    6.500E+00 
    
  
           CO               Enhanced by    7.500E-01 










   




   







































   










1.00E+14 0 49680 
 
  


































   




   




   































   






























1.00E+14 0 0 
 
  
        Low pressure limit:  0.66000E+76 -0.16300E+02  0.13910E+05 
  
  
        TROE centering:      0.10000E+01  0.10000E+00  0.58490E+03  0.61130E+04 
 
  
           H2               Enhanced by    2.000E+00 
    
  
           H2O              Enhanced by    6.000E+00 
    
  
           CO               Enhanced by    1.500E+00 






































































   







































   




   




   
























   




   
















   
























   



















   



















   




   




   




   




   









   
















   




   




   




   
3.00E+10 0 36800 
 
  
585 A4=16C(S)+5H2    2.00E+03 0 0    
 240 
 
















  ELEMENTS             
  C            AR H O N HE 
 
    
  SPECIES              
  C10H22 O C2H3 CH2CO C10#OOH 
 
  
  KERO H C2H4 HCCO N2O 
  
  
  O2 H2 C2H5 C5H11CO KERO- 
  
  
  CO H2O2 C3H4 C10- KERO-OO 
 
  
  CO2 HO2 C3H5 C10-OO KERO#OOH 
 
  
  OH CH4 C3H6 N KERO# 
  
  
  H2O CH3O C3H7 C10# OOKERO#OOH 
 
  
  NO CH2O CH2OH HE KERO#KET 
 
  
  NO2 HCO CH3OH C10KET 
   
  
  N2 CH3 C2H2 OOC10#OOH     
  REACTIONS 
  
A b E   
1 KERO+O2<=>KERO-+HO2 
 
2.90E+12 0.00E+00 27800   
  Reverse Arrhenius coefficients: 
 
1.00E+12 0.00E+00 0   
2 KERO+OH<=>KERO-+H2O 
 
7.70E+06 1.90E+00 58.5   
  Reverse Arrhenius coefficients: 
 
6.15E+08 1.90E+00 21910   
3 KERO+H=>KERO-+H2 
 
1.00E+11 2.00E+00 2500   
4 KERO-+O2<=>KERO-OO 
 
4.30E+12 0.00E+00 0   
  Reverse Arrhenius coefficients: 
 
2.51E+13 0.00E+00 27400   
5 KERO-OO<=>KERO#OOH 
 
1.51E+11 0.00E+00 19000   
  Reverse Arrhenius coefficients: 
 
1.00E+11 0.00E+00 11000   
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6 KERO#OOH+O2<=>OOKERO#OOH 7.56E+12 0.00E+00 0   
  Reverse Arrhenius coefficients: 
 
2.51E+13 0.00E+00 27400   
7 OOKERO#OOH<=>KERO#KET+OH 7.31E+08 0.00E+00 17000   
8 KERO#KET=>CH2O+C5H11CO+OH+C3H6 9.98E+16 0.00E+00 43000   
9 KERO-+O2=KERO#+HO2 
 
2.16E+12 0.00E+00 6000   
  Reverse Arrhenius coefficients: 
 
3.16E+11 0.00E+00 19500   
10 KERO#+O2=>2C3H6+C2H5+CH2O+HCO 5.16E+11 0.00E+00 10000   
11 KERO-+H=KERO 
  
1.00E+14 0.00E+00 0   
12 C10H22+O2<=>C10-+HO2 
 
7.00E+12 0.00E+00 27800   
  Reverse Arrhenius coefficients: 
 
1.00E+12 0.00E+00 0   
13 C10H22+OH<=>C10-+H2O 
 
5.00E+07 1.90E+00 58.5   
  Reverse Arrhenius coefficients: 
 
6.15E+08 1.90E+00 21910   
14 C10H22+H=>C10-+H2 
 
1.00E+08 2.00E+00 2500   
15 C10-+O2<=>C10-OO 
 
3.00E+12 0.00E+00 0   
  Reverse Arrhenius coefficients: 
 
2.51E+13 0.00E+00 27400   
16 C10-OO<=>C10#OOH 
 
1.51E+11 0.00E+00 19000   
  Reverse Arrhenius coefficients: 
 
1.00E+11 0.00E+00 11000   
17 C10#OOH+O2<=>OOC10#OOH 5.56E+10 0.00E+00 0   
  Reverse Arrhenius coefficients: 
 
2.51E+13 0.00E+00 27400   
18 OOC10#OOH<=>C10KET+OH 8.91E+10 0.00E+00 17000   
19 C10KET=>CH2O+C5H11CO+OH+C3H6 3.98E+15 0.00E+00 43000   
20 C5H11CO+O2=>C3H7+C2H3+CO+HO2 3.16E+13 0.00E+00 10000   
21 C10-+O2=C10#+HO2 
 
3.16E+11 0.00E+00 6000   
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  Reverse Arrhenius coefficients: 
 
3.16E+11 0.00E+00 19500   
22 C10#+O2=>2C3H6+C2H5+CH2O+HCO 3.16E+13 0.00E+00 10000   
23 C10-=>2C3H6+C2H5+C2H4 
 
3.50E+12 0.00E+00 28810   
24 C3H7=C2H4+CH3 
  
9.60E+13 0.00E+00 30950   
25 C3H7=C3H6+H 
  
1.25E+14 0.00E+00 36900   
26 C3H6=C2H3+CH3 
  
3.15E+15 0.00E+00 85500   
27 C3H6+CH3=C3H5+CH4 
 
9.00E+12 0.00E+00 8480   
28 C3H5+O2=C3H4+HO2 
 
6.00E+11 0.00E+00 10000   
29 C3H4+OH=C2H3+CH2O 
 
1.00E+12 0.00E+00 0   
30 C3H4+OH=C2H4+HCO 
 
1.00E+12 0.00E+00 0   
31 C2H5+O2=C2H4+HO2 
 
2.00E+10 0.00E+00 -2200   
32 C2H4+OH=CH2O+CH3 
 
6.00E+13 0.00E+00 960   
33 C2H4+OH=C2H3+H2O 
 
8.02E+13 0.00E+00 5955   
34 C2H3+O2=CH2O+HCO 
 
4.00E+12 0.00E+00 -250   
35 C2H3+HCO=C2H4+CO 
 
6.03E+13 0.00E+00 0   
36 H+C2H4(+M)=C2H5(+M) 
 
1.08E+12 0.5 1822   
        Low pressure limit:  0.11120E+35 -0.50000E+01  0.44480E+04   
        TROE centering:      0.10000E+01  0.10000E-14  0.95000E+02  0.20000E+03 
           H2               Enhanced by    2.000E+00 
  
  
           H2O              Enhanced by    5.000E+00 
  
  
           CO               Enhanced by    2.000E+00 
  
  





2.40E+48 -9.9 82080   
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  Reverse Arrhenius coefficients: 
 
2.61E+46 -9.8 36950   
38 C2H4(+M)=C2H2+H2(+M) 
 
1.80E+13 0 76000   
        Low pressure limit:  0.15000E+16  0.00000E+00  0.55440E+05   
39 C2H3+O2=C2H2+HO2 
 
2.12E-06 6 9484   
  Reverse Arrhenius coefficients: 
 
1.11E-07 6.3 17570   
40 C2H3+H=C2H2+H2 
  
2.00E+13 0 2500   
  Reverse Arrhenius coefficients: 
 
1.33E+13 0 68080   
41 C2H2+H(+M)=C2H3(+M) 
 
3.11E+11 0.6 2589   
        Low pressure limit:  0.22540E+41 -0.72690E+01  0.65770E+04   
        TROE centering:      0.10000E+01  0.10000E-14  0.67500E+03  0.10000E+16 
           H2               Enhanced by    2.000E+00 
  
  
           H2O              Enhanced by    5.000E+00 
  
  
           CO               Enhanced by    2.000E+00 
  
  





2.00E+08 1.5 30100   
  Reverse Arrhenius coefficients: 
 
2.23E+05 1.5 25400   
43 C2H2+O=HCCO+H 
  
1.43E+07 2 1900   
  Reverse Arrhenius coefficients: 
 
2.02E+05 2 13310   
44 C2H2+OH=CH2CO+H 
 
2.19E-04 4.5 -1000   
  Reverse Arrhenius coefficients: 
 
2.16E-03 4.5 19660   
45 CH2CO+H=CH3+CO 
 
1.10E+13 0 3400   
  Reverse Arrhenius coefficients: 
 
2.40E+12 0 40200   
46 CH2CO+O=HCCO+OH 
 
1.00E+13 0 8000   
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  Reverse Arrhenius coefficients: 
 
1.43E+10 0 -1255   
47 CH2CO+OH=HCCO+H2O 
 
1.00E+13 0 2000   
  Reverse Arrhenius coefficients: 
 
1.41E+11 0 9995   
48 CH2CO+H=HCCO+H2 
 
2.00E+14 0 8000   
  Reverse Arrhenius coefficients: 
 
6.52E+11 0 840   
49 HCCO+OH=HCO+HCO 
 
1.00E+13 0 0   
  Reverse Arrhenius coefficients: 
 
2.41E+14 0 40360   
50 HCCO+O=H+CO+CO 
 
8.00E+13 0 0   
  Reverse Arrhenius coefficients: 
 
0.00E+00 0 0   
51 HCCO+O2=CO2+HCO 
 
2.40E+11 0 -854   
  Reverse Arrhenius coefficients: 
 
1.47E+14 0 133600   
52 H+O2=O+OH 
  
3.55E+15 -0.4 16599   
53 O+H2=H+OH 
  
5.08E+04 2.7 6290   
54 H2+OH=H2O+H 
  
2.16E+08 1.5 3430   
55 O+H2O=OH+OH 
  
2.97E+06 2 13400   
56 H2+M=H+H+M 
  
4.58E+19 -1.4 104380   
           H2               Enhanced by    2.500E+00 
  
  
           H2O              Enhanced by    1.200E+01 
  
  
           CO               Enhanced by    1.900E+00 
  
  
           CO2              Enhanced by    3.800E+00 
  
  





6.17E+15 -0.5 0   





           H2O              Enhanced by    1.200E+01 
  
  
           HE               Enhanced by    0.000E+00 
  
  
           CO               Enhanced by    1.900E+00 
  
  





4.71E+18 -1 0   
           H2               Enhanced by    2.500E+00 
  
  
           H2O              Enhanced by    1.200E+01 
  
  
           HE               Enhanced by    7.500E-01 
  
  
           CO               Enhanced by    1.900E+00 
  
  





3.80E+22 -2 0   
           H2               Enhanced by    2.500E+00 
  
  
           H2O              Enhanced by    1.200E+01 
  
  
           HE               Enhanced by    3.800E-01 
  
  
           CO               Enhanced by    1.900E+00 
  
  





1.48E+12 0.6 0   
        Low pressure limit:  0.63660E+21 -0.17200E+01  0.52480E+03   
        TROE centering:      0.80000E+00  0.10000E-29  0.10000E+31   
           H2               Enhanced by    2.000E+00 
  
  
           H2O              Enhanced by    1.100E+01 
  
  
           O2               Enhanced by    7.800E-01 
  
  










1.66E+13 0 823   
62 HO2+H=OH+OH 
  
7.08E+13 0 295   
63 HO2+O=O2+OH 
  
3.25E+13 0 0   
64 HO2+OH=H2O+O2 
  
2.89E+13 0 -497   
65 HO2+HO2=H2O2+O2 
 
4.20E+14 0 11982   
  Declared duplicate reaction… 




1.30E+11 0 -1629.3   
  Declared duplicate reaction… 




2.95E+14 0 48430   
        Low pressure limit:  0.12020E+18  0.00000E+00  0.45500E+05   
        TROE centering:      0.50000E+00  0.10000E-29  0.10000E+31   
           H2               Enhanced by    2.500E+00 
  
  
           H2O              Enhanced by    1.200E+01 
  
  
           CO               Enhanced by    1.900E+00 
  
  
           CO2              Enhanced by    3.800E+00 
  
  





2.41E+13 0 3970   
69 H2O2+H=HO2+H2 
  
4.82E+13 0 7950   
70 H2O2+O=OH+HO2 
  
9.55E+06 2 3970   
71 H2O2+OH=HO2+H2O 
 
1.00E+12 0 0   
  Declared duplicate reaction… 




5.80E+14 0 9557   
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  Declared duplicate reaction… 




1.80E+10 0 2384   
        Low pressure limit:  0.15500E+25 -0.27900E+01  0.41910E+04   
           H2               Enhanced by    2.500E+00 
  
  
           H2O              Enhanced by    1.200E+01 
  
  
           CO               Enhanced by    1.900E+00 
  
  





2.53E+12 0.00E+00 47700   
75 CO+HO2=CO2+OH 
 
3.01E+13 0.00E+00 23000   
76 CO+OH=CO2+H 
  
2.23E+05 1.90E+00 -1158.7   
77 HCO+M=H+CO+M 
  
4.75E+11 0.7 14874   
           H2               Enhanced by    2.500E+00 
  
  
           H2O              Enhanced by    6.000E+00 
  
  
           CO               Enhanced by    1.900E+00 
  
  





7.58E+12 0.00E+00 410   
79 HCO+H=CO+H2 
  
7.23E+13 0.00E+00 0   
80 HCO+O=CO+OH 
  
3.02E+13 0.00E+00 0   
81 HCO+OH=CO+H2O 
 
3.02E+13 0.00E+00 0   
82 HCO+O=CO2+H 
  
3.00E+13 0.00E+00 0   
83 HCO+HO2=CO2+OH+H 
 
3.00E+13 0.00E+00 0   
84 HCO+CH3=CO+CH4 
 
1.20E+14 0.00E+00 0   
85 HCO+HCO=H2+CO+CO 
 





3.00E+13 0.00E+00 0   
87 CH2O+M=HCO+H+M 
 
3.30E+39 -6.3 99900   
           H2               Enhanced by    2.500E+00 
  
  
           H2O              Enhanced by    1.200E+01 
  
  
           CO               Enhanced by    1.900E+00 
  
  





3.10E+45 -8 97510   
           H2               Enhanced by    2.500E+00 
  
  
           H2O              Enhanced by    1.200E+01 
  
  
           CO               Enhanced by    1.900E+00 
  
  





5.74E+07 1.90E+00 2748.6   
90 CH2O+O=HCO+OH 
 
1.81E+13 0.00E+00 3080   
91 CH2O+OH=HCO+H2O 
 
3.43E+09 1.20E+00 -447   
92 CH2O+O2=HCO+HO2 
 
1.23E+06 3.00E+00 52000   
93 CH2O+HO2=HCO+H2O2 
 
4.11E+04 2.50E+00 10210   
94 CH2O+CH3=HCO+CH4 
 
3.64E-06 5.40E+00 998   
95 CH3+O=CH2O+H 
  
8.43E+13 0.00E+00 0   
96 CH3+O2=CH3O+O 
  
1.99E+18 -1.60E+00 29230   
97 CH3+O2=CH2O+OH 
 
3.74E+11 0.00E+00 14640   
98 CH3+HO2=CH3O+OH 
 
2.41E+10 8.00E-01 -2325   
99 CH3+H(+M)=CH4(+M) 
 
1.27E+16 -0.6 383   
        Low pressure limit:  0.24770E+34 -0.47600E+01  0.24400E+04   
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        TROE centering:      0.78300E+00  0.74000E+02  0.29410E+04  0.69640E+04 
           H2               Enhanced by    2.000E+00 
  
  
           H2O              Enhanced by    6.000E+00 
  
  
           CH4              Enhanced by    2.000E+00 
  
  
           CO               Enhanced by    1.500E+00 
  
  





5.47E+07 2 11210   
101 CH4+O=CH3+OH 
  
3.15E+12 0.5 10290   
102 CH4+OH=CH3+H2O 
 
5.72E+06 2 2639   
103 CH3+HO2=CH4+O2 
 
3.16E+12 0 0   
104 CH4+HO2=CH3+H2O2 
 
1.81E+11 0 18580   
105 CH2OH+M=CH2O+H+M 
 
1.00E+14 0 25100   
106 CH2OH+H=CH2O+H2 
 
6.00E+12 0 0   
107 CH2OH+H=CH3+OH 
 
9.64E+13 0 0   
108 CH2OH+O=CH2O+OH 
 
4.20E+13 0 0   
109 CH2OH+OH=CH2O+H2O 
 
2.40E+13 0 0   
110 CH2OH+O2=CH2O+HO2 
 
2.41E+14 0 5017   
  Declared duplicate reaction… 




1.51E+15 -1 0   
  Declared duplicate reaction… 




1.20E+13 0 0   
113 CH2OH+HCO=CH3OH+CO 
 
1.00E+13 0 0   
114 CH2OH+HCO=CH2O+CH2O 
 





3.00E+12 0 0   
116 CH2OH+CH3O=CH3OH+CH2O 2.40E+13 0 0   
117 CH3O+M=CH2O+H+M 
 
8.30E+17 -1.2 15500   
118 CH3O+H=CH3+OH 
 
3.20E+13 0 0   
119 CH3O+O=CH2O+OH 
 
6.00E+12 0 0   
120 CH3O+OH=CH2O+H2O 
 
1.80E+13 0 0   
121 CH3O+O2=CH2O+HO2 
 
9.03E+13 0 11980   
  Declared duplicate reaction… 




2.20E+10 0 1748   
  Declared duplicate reaction… 




3.00E+11 0 0   
124 CH3O+CO=CH3+CO2 
 
1.60E+13 0 11800   
125 CH3O+HCO=CH3OH+CO 
 
9.00E+13 0 0   
126 2CH3O=CH3OH+CH2O 
 
6.00E+13 0 0   
127 OH+CH3(+M)<=>CH3OH (+M) 
  
2.79E+18 -1.4 1330   
        Low pressure limit:  0.40000E+37 -0.59200E+01  0.31400E+04   
        TROE centering:      0.41200E+00  0.19500E+03  0.59000E+04  0.63940E+04 
           H2               Enhanced by    2.000E+00 
  
  
           H2O              Enhanced by    6.000E+00 
  
  
           CH4              Enhanced by    2.000E+00 
  
  
           CO               Enhanced by    1.500E+00 
  
  
           CO2              Enhanced by    2.000E+00 
  
  
128 H+CH2OH(+M)<=>CH3OH(+M) 1.06E+12 0.5 86   
 253 
 
        Low pressure limit:  0.43600E+32 -0.46500E+01  0.50800E+04   
        TROE centering:      0.60000E+00  0.10000E+03  0.90000E+05  0.10000E+05 
           H2               Enhanced by    2.000E+00 
  
  
           H2O              Enhanced by    6.000E+00 
  
  
           CH4              Enhanced by    2.000E+00 
  
  
           CO               Enhanced by    1.500E+00 
  
  
           CO2              Enhanced by    2.000E+00 
  
  
129 H+CH3O(+M)<=>CH3OH(+M) 2.43E+12 0.5 50   
        Low pressure limit:  0.46600E+42 -0.74400E+01  0.14080E+05   
        TROE centering:      0.70000E+00  0.10000E+03  0.90000E+05  0.10000E+05 
           H2               Enhanced by    2.000E+00 
  
  
           H2O              Enhanced by    6.000E+00 
  
  
           CH4              Enhanced by    2.000E+00 
  
  
           CO               Enhanced by    1.500E+00 
  
  





3.20E+13 0.00E+00 6095   
131 CH3OH+H=CH3O+H2 
 
8.00E+12 0.00E+00 6095   
132 CH3OH+O=CH2OH+OH 
 
3.88E+05 2.50E+00 3080   
133 CH3OH+OH=CH3O+H2O 
 
1.00E+06 2.10E+00 496.7   
134 CH3OH+OH=CH2OH+H2O 
 
7.10E+06 1.80E+00 -596   
135 CH3OH+O2=CH2OH+HO2 
 
2.05E+13 0.00E+00 44900   
136 CH3OH+HCO=CH2OH+CH2O 9.64E+03 2.90E+00 13110   





3.19E+01 3.20E+00 7172   
139 CH3O+CH3OH=CH3OH+CH2OH 3.00E+11 0.00E+00 4060   
140 N+NO=N2+O 
  
3.50E+13 0.00E+00 330   
141 N+O2=NO+O 
  
2.65E+12 0.00E+00 6400   
142 N+OH=NO+H 
  
7.33E+13 0.00E+00 1120   
143 N+CO2=NO+CO 
  
1.90E+11 0.00E+00 3400   
144 N2O+O=N2+O2 
  
1.40E+12 0.00E+00 10810   
145 N2O+O=NO+NO 
  
2.90E+13 0.00E+00 23150   
146 N2O+H=N2+OH 
  
4.40E+14 0.00E+00 18880   
147 N2O+OH=N2+HO2 
  
2.00E+12 0.00E+00 21060   
148 N2O+M=N2+O+M 
  
1.30E+11 0.00E+00 59620   
149 NO+HO2=NO2+OH 
 
2.11E+12 0.00E+00 -480   
150 NO2+O=NO+O2 
  
3.90E+12 0.00E+00 -240   
151 NO2+H=NO+OH 
  
1.32E+14 0.00E+00 360   
152 NO+O+M=NO2+M   1.06E+20 -1.4 0   
 
